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1
IMAGING DEVICE

TECHNICAL FIELD

One embodiment of the present invention relates to an
imaging device including an oxide semiconductor.

Note that one embodiment of the present invention is not
limited to the above technical field. The technical field of one
embodiment of the invention disclosed in this specification
and the like relates to an object, a method, and a manufactur-
ing method. In addition, one embodiment of the present
invention relates to a process, a machine, manufacture, and a
composition of matter. Specifically, examples of the technical
field of one embodiment of the present invention disclosed in
this specification include a semiconductor device, a display
device, aliquid crystal display device, a light-emitting device,
a lighting device, a power storage device, a storage device, an
imaging device, a method for driving any of them, and a
method for manufacturing any of them.

In this specification and the like, a semiconductor device
generally means a device that can function by utilizing semi-
conductor characteristics. A transistor and a semiconductor
circuit are embodiments of semiconductor devices. In some
cases, a storage device, a display device, an imaging device,
or an electronic device includes a semiconductor device.

BACKGROUND ART

A technique by which transistors are formed using semi-
conductor thin films formed over a substrate having an insu-
lating surface has been attracting attention. The transistor is
used in a wide range of electronic devices such as an inte-
grated circuit (IC) or an image display device (also simply
referred to as a display device). As semiconductor thin films
applicable to the transistors, silicon-based semiconductor
materials have been widely used, but oxide semiconductors
have been attracting attention as alternative materials.

For example, a technique for forming a transistor using
zinc oxide or an In—Ga—Zn-based oxide semiconductor as
an oxide semiconductor is disclosed (see Patent Documents 1
and 2).

Patent Document 3 discloses that a transistor including an
oxide semiconductor and having an extremely low off-state
current is used in at least part of a pixel circuit and a transistor
including a silicon semiconductor with which a complemen-
tary metal oxide semiconductor (CMOS) circuit can be
formed is used in a peripheral circuit, whereby an imaging
device with high speed operation and low power consumption
can be manufactured.

REFERENCE
Patent Documents

[Patent Document 1] Japanese Published Patent Applica-
tion No. 2007-123861

[Patent Document 2] Japanese Published Patent Applica-
tion No. 2007-096055

[Patent Document 3] Japanese Published Patent Applica-
tion No. 2011-119711

DISCLOSURE OF INVENTION

In recent years, silver salt films have been replaced with
imaging devices including semiconductor elements in many
imaging units. Since use in various environments is assumed,
imaging devices are required to have the capability of taking
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high quality image even in a low illuminance environment
and in the case of taking an image of a moving subject.
Furthermore, an imaging device which satisfies the require-
ment and can be formed at a lower cost is expected.

Therefore, an object of one embodiment of the present
invention is to provide an imaging device capable of taking an
image under a low illuminance condition. Another object is to
provide an imaging device with a wide dynamic range.
Another object of one embodiment of the present invention is
to provide an imaging device with high resolution. Another
object of one embodiment of the present invention is to pro-
vide a highly integrated imaging device. Another object of
one embodiment of the present invention is to provide an
imaging device which can be used in a wide temperature
range. Another object is to provide an imaging device that is
suitable for high-speed operation. Another object of one
embodiment of the present invention is to provide an imaging
device with low power consumption. Another object of one
embodiment of the present invention is to provide an imaging
device with a high aperture ratio. Another object of one
embodiment of the present invention is to provide an imaging
device formed at low cost. Another object of one embodiment
of the present invention is to provide an imaging device with
high reliability. Another object of one embodiment of the
present invention is to provide a novel imaging device or the
like.

Note that the descriptions of these objects do not disturb the
existence of other objects. In one embodiment of the present
invention, there is no need to achieve all the objects. Other
objects will be apparent from and can be derived from the
description of the specification, the drawings, the claims, and
the like.

One embodiment of the present invention relates to an
imaging device including a pixel circuit including a transistor
formed using an oxide semiconductor, a photoelectric con-
version element formed using silicon, and a peripheral circuit
including a transistor formed using an oxide semiconductor
and a transistor formed using silicon.

One embodiment of the present invention is an imaging
device including a first circuit including a first transistor and
a second transistor, and a second circuit including a third
transistor and a photodiode. The first transistor and the third
transistor are each an n-channel transistor including an oxide
semiconductor layer as an active layer, and the second tran-
sistor is a p-channel transistor including an active region in a
silicon substrate. The photodiode is provided in the silicon
substrate. A region in which the first transistor and the second
transistor overlap each other with an insulating layer posi-
tioned between the first transistor and the second transistor is
provided, and a region in which the third transistor and the
photodiode overlap each other with the insulating layer posi-
tioned between the third transistor and the photodiode is
provided. The second transistor is provided on a first surface
of'the silicon substrate. The photodiode has a light-receiving
surface that is opposite to the first surface of the silicon
substrate.

Another embodiment of the present invention is an imag-
ing device including a first circuit including a first transistor
and a second transistor, and a second circuit including a third
transistor, a fourth transistor, a fifth transistor, a sixth transis-
tor, and a photodiode. The first transistor and the third to sixth
transistors are each an n-channel transistor including an oxide
semiconductor layer as an active layer, and the second tran-
sistor is a p-channel transistor including an active region in a
silicon substrate. One of a source and a drain of the first
transistor is electrically connected to one of a source and a
drain of the second transistor, and a gate of the first transistor
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is electrically connected to a gate of the second transistor. One
of a source and a drain of the third transistor is electrically
connected to one of an anode and a cathode of the photodiode,
the other of the source and the drain of the third transistor is
electrically connected to one of a source and a drain of the
fourth transistor, and the other of the source and the drain of
the third transistor is electrically connected to a gate of the
fifth transistor. One of a source and a drain of the fifth tran-
sistor is electrically connected to one of a source and a drain
of the sixth transistor. The photodiode is provided in the
silicon substrate. A region in which the first transistor and the
second transistor overlap each other with an insulating layer
positioned between the first transistor and the second transis-
tor is provided. A region in which the third to sixth transistors
and the photodiode overlap each other with the insulating
layer positioned between the third to sixth transistor and the
photodiode is provided. The second transistor is provided on
a first surface of the silicon substrate. The photodiode has a
light-receiving surface that is opposite to the first surface of
the silicon substrate.

The oxide semiconductor layer preferably includes In, Zn,
and M (M is Al, Ti, Ga, Y, Zr, La, Ce, Nd, or Hf).

Furthermore, the plane orientation of a crystal in the first
surface of the silicon substrate is preferably (110).

According to one embodiment of the present invention, an
imaging device capable of taking images under low illumi-
nance can be provided. An imaging device with a wide
dynamic range can be provided. An imaging device with high
resolution can be provided. A highly integrated imaging
device can be provided. An imaging device which can be used
in a wide temperature range can be provided. An imaging
device that is suitable for high-speed operation can be pro-
vided. An imaging device with low power consumption can
be provided. An imaging device with a high aperture ratio can
be provided. An imaging device which is formed at low cost
can be provided. An imaging device with high reliability can
be provided. A novel imaging device can be provided.

Note that one embodiment of the present invention is not
limited to these effects. For example, depending on circum-
stances or conditions, one embodiment of the present inven-
tion might produce another effect. Furthermore, depending
on circumstances or conditions, one embodiment of the
present invention might not produce any of the above effects.

BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1A to 1C are a cross-sectional view and circuit
diagrams illustrating an imaging device.

FIGS. 2A and 2B are cross-sectional views of imaging
devices.

FIG. 3 illustrates the structure of an imaging device.

FIGS. 4A and 4B illustrate the structure of driver circuits of
an imaging device.

FIGS. 5A and 5B each illustrate a configuration of a pixel
circuit.

FIGS. 6A to 6C are timing charts showing the operation of
a pixel circuit.

FIGS. 7A and 7B each illustrate a configuration of a pixel
circuit.

FIGS. 8A and 8B each illustrate a configuration of a pixel
circuit.

FIGS. 9A and 9B each illustrate a configuration of a pixel
circuit.

FIGS. 10A to 10C each illustrate the structure of an inte-
grator circuit.

FIG. 11 illustrates a configuration of a pixel circuit.

FIG. 12 illustrates a configuration of a pixel circuit.
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FIG. 13 illustrates a configuration of a pixel circuit.

FIG. 14 illustrates a configuration of a pixel circuit.

FIG. 15 illustrates a configuration of a pixel circuit.

FIGS. 16 A and 16B are timing charts illustrating the opera-
tions in a global shutter system and a rolling shutter system,
respectively.

FIGS. 17A and 17B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 18A and 18B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 19A and 19B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 20A and 20B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 21A and 21B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 22A and 22B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 23A and 23B each illustrate a cross section of a
transistor in the channel width direction.

FIGS. 24A to 24C each illustrate a cross section of a
transistor in the channel length direction.

FIGS. 25A to 25C each illustrate a cross section of a
transistor in the channel length direction.

FIGS. 26A and 26B each illustrate a cross section of a
transistor in the channel width direction.

FIGS. 27A 10 27C are a top view and cross-sectional views
illustrating a semiconductor layer.

FIGS. 28A 10 28C are a top view and cross-sectional views
illustrating a semiconductor layer.

FIGS. 29A and 29B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 30A and 30B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 31A and 31B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 32A and 32B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 33A and 33B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 34A and 34B are a top view and a cross-sectional
view illustrating a transistor.

FIGS. 35A and 35B each illustrate a cross section of a
transistor in the channel width direction.

FIGS. 36A to 36C each illustrate a cross section of a
transistor in the channel length direction.

FIGS. 37A to 37C each illustrate a cross section of a
transistor in the channel length direction.

FIGS. 38A and 38B each illustrate a cross section of a
transistor in the channel width direction.

FIGS. 39A and 39B are each a top view illustrating a
transistor.

FIGS. 40A to 40C illustrate a method for manufacturing a
transistor.

FIGS. 41A to 41C illustrate a method for manufacturing a
transistor.

FIGS. 42A to 42C illustrate a method for manufacturing a
transistor.

FIGS. 43 A to 43C illustrate a method for manufacturing a
transistor.

FIGS. 44A to 44D are Cs-corrected high-resolution TEM
images of a cross section of a CAAC-OS and a cross-sectional
schematic view of the CAAC-OS.

FIGS. 45A to 45D are Cs-corrected high-resolution TEM
images of a plane of a CAAC-OS.

FIGS. 46A to 46C show structural analysis of a CAAC-OS
and a single crystal oxide semiconductor by XRD.
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FIGS. 47A and 47B show electron diffraction patterns of a
CAAC-0OS.

FIG. 48A is a cross-sectional view of a transistor, and
FIGS. 48B and 48C are diagrams illustrating the band struc-
ture of the transistor.

FIG. 49 shows a model of the calculation.

FIGS. 50A and 50B show an initial state and a final state,
respectively.

FIG. 51 shows an activation barrier.

FIGS. 52A and 52B show an initial state and a final state,
respectively.

FIG. 53 shows an activation barrier.

FIG. 54 shows the transition levels of V_H.

FIG. 55A schematically illustrates a CAAC-OS deposition
model, and FIGS. 55B and 55C are cross-sectional views of
pellets and a CAAC-OS.

FIG. 56 schematically illustrates a deposition model of an
nc-OS and a pellet.

FIG. 57 illustrates a pellet.

FIG. 58 illustrates force applied to a pellet on a formation
surface.

FIGS. 59A and 59B illustrate movement of a pellet on a
formation surface.

FIGS. 60A and 60B show an InGaZnO, crystal.

FIGS. 61A and 61B illustrate a structure of InGaZnO, and
others before an atom collides.

FIGS. 62A and 62B illustrate a structure of InGaZnO, and
others after an atom collides.

FIGS. 63 A and 63B show trajectories of atoms after colli-
sion of atoms.

FIGS. 64A and 64B are cross-sectional HAADF-STEM
images of a CAAC-OS and a target.

FIGS. 65A to 65F shows electronic appliances.

FIGS. 66A to 66F are each a cross-sectional view illustrat-
ing a transistor.

FIGS. 67A to 67F are each a cross-sectional view illustrat-
ing a transistor.

FIGS. 68A to 68E are each a cross-sectional view illustrat-
ing a transistor.

FIG. 69 shows an image processing engine of an imaging
device.

FIG. 70 shows a change in crystal part of an In—Ga—Z7n
oxide induced by electron irradiation.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments will be described in detail with reference to
drawings. Note that the present invention is not limited to the
following description and it will be readily appreciated by
those skilled in the art that modes and details can be modified
in various ways without departing from the spirit and the
scope of the present invention. Therefore, the present inven-
tion should not be interpreted as being limited to the descrip-
tion of embodiments below. Note that in structures of the
present invention described below, the same portions or por-
tions having similar functions are denoted by the same refer-
ence numerals in different drawings, and description thereof
is not repeated in some cases. It is also to be noted that the
same components are denoted by different hatching patterns
in different drawings, or the hatching patterns are omitted in
some cases.

Note that in this specification and the like, when it is
explicitly described that X and Y are connected, the case
where X and Y are electrically connected, the case where X
andY are functionally connected, and the case where X andY
are directly connected are included therein. Here, X and Y
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each denote an object (e.g., a device, an element, a circuit, a
line, an electrode, a terminal, a conductive film, and a layer).
Accordingly, another element may be interposed between
elements having a connection relation shown in drawings and
texts, without limiting to a predetermined connection rela-
tion, for example, the connection relation shown in the draw-
ings and the texts.

For example, in the case where X and Y are electrically
connected, one or more elements that enable electrical con-
nection between X and Y (e.g., a switch, a transistor, a capaci-
tor, an inductor, a resistor, a diode, a display element, a
light-emitting element, and a load) can be connected between
XandY. A switchis controlled to be on or off. That is, a switch
is conducting or not conducting (turned on or off) to deter-
mine whether current flows therethrough or not. Alterna-
tively, the switch has a function of selecting and changing a
current path.

For example, in the case where X and Y are functionally
connected, one or more circuits that enable functional con-
nection between X and Y (e.g., a logic circuit such as an
inverter, a NAND circuit, or a NOR circuit; a signal converter
circuit such as a DA converter circuit, an AD converter circuit,
and a gamma correction circuit; a potential level converter
circuit such as a power supply circuit (e.g., a DC-DC con-
verter, a step-up DC-DC converter, and a step-down DC-DC
converter) or a level shifter circuit for changing the potential
level of a signal; a voltage source; a current source; a switch-
ing circuit; an amplifier circuit such as a circuit that can
increase signal amplitude, the amount of current, and the like,
an operational amplifier, a differential amplifier circuit, a
source follower circuit, or a buffer circuit; a signal generator
circuit; a memory circuit; and a control circuit) can be con-
nected between X and Y. Note that for example, in the case
where a signal output from X is transmitted to Y even when
another circuit is interposed between X and Y, X and Y are
functionally connected.

Note that when it is explicitly described that X and Y are
connected, the case where X andY are electrically connected
(i.e., the case where X and Y are connected with another
element or another circuit positioned therebetween), the case
where X and Y are functionally connected (i.e., the case
where X and Y are functionally connected with another cir-
cuit positioned therebetween), and the case where X and Y are
directly connected (i.e., the case where X and Y are connected
without another element or another circuit positioned ther-
ebetween) are included therein. That is, the explicit expres-
sion “X and Y are electrically connected” is the same as the
explicit simple expression “X and Y are connected”.

Even when independent components are electrically con-
nected to each other in a circuit diagram, one component has
functions of a plurality of components in some cases. For
example, when part of a wiring also functions as an electrode,
one conductive film functions as the wiring and the electrode.
Thus, “electrical connection” in this specification includes in
its category such a case where one conductive film has func-
tions of a plurality of components.

Note that, for example, the case where a source (a first
terminal) of a transistor is electrically connected to X through
(or not through) 71 and a drain (a second terminal) of the
transistor is electrically connected to Y through (or not
through) 72, or the case where a source (a first terminal) of a
transistor is directly connected to part of Z1 and another part
of 71 is directly connected to X while a drain (a second
terminal) of the transistor is directly connected to part of 72
and another part of Z2 is directly connected to Y, can be
expressed by using any of the following expressions.



US 9,425,226 B2

7

The expressions include, for example, “X,Y, a source (or a
first terminal or the like) of a transistor, and a drain (or a
second terminal or the like) of the transistor are electrically
connected to each other, and X the source (or the first terminal
or the like) of the transistor, the drain (or the second terminal
or the like) of the transistor, and Y are electrically connected
to each other in this order”, “a source (or a first terminal or the
like) of a transistor is electrically connected to X a drain (or a
second terminal or the like) of the transistor is electrically
connected to Y, and X the source (or the first terminal or the
like) of the transistor, the drain (or the second terminal or the
like) of the transistor, and Y are electrically connected to each
other in this order”, and “X is electrically connected to Y
through a source (or a first terminal or the like) and a drain (or
a second terminal or the like) of a transistor, and X the source
(or the first terminal or the like) of the transistor, the drain (or
the second terminal or the like) of the transistor, and Y are
provided to be connected in this order”. When the connection
order in a circuit configuration is defined by an expression
similar to the above examples, a source (or a first terminal or
the like) and a drain (or a second terminal or the like) of a
transistor can be distinguished from each other to specify the
technical scope. Note that these expressions are examples and
there is no limitation on the expressions. Here, X,Y, Z1, and
72 each denote an object (e.g., a device, an element, a circuit,
a wiring, an electrode, a terminal, a conductive film, and a
layer).

Note that in this specification and the like, a transistor can
be formed using any of a variety of substrates, for example.
The type of a substrate is not limited to a certain type. As the
substrate, a semiconductor substrate (e.g., a single crystal
substrate and a silicon substrate), an SOI substrate, a glass
substrate, a quartz substrate, a plastic substrate, a metal sub-
strate, a stainless steel substrate, a substrate including stain-
less steel foil, a tungsten substrate, a substrate including tung-
sten foil, a flexible substrate, an attachment film, paper
including a fibrous material, a base material film, or the like
can be used, for example. As an example of a glass substrate,
a barium borosilicate glass substrate, an aluminoborosilicate
glass substrate, soda lime glass substrate, and the like can be
given. For a flexible substrate, a flexible synthetic resin such
as plastics typified by polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), and polyether sulfone
(PES), and acrylic can be used, for example. For an attach-
ment film, polypropylene, polyester, polyvinyl fluoride, poly-
vinyl chloride, and the like can be used, for example. For a
base material film, polyester, polyamide, polyimide, an inor-
ganic vapor deposition film, paper, or the like can be used, for
example. Specifically, when a transistor is formed using a
semiconductor substrate, a single crystal substrate, an SOI
substrate, or the like, it is possible to form a transistor with
few variations in characteristics, size, shape, or the like and
with high current supply capability and a small size. By
forming a circuit with the use of such a transistor, power
consumption of the circuit can be reduced or the circuit can be
highly integrated.

Alternatively, a flexible substrate may be used as the sub-
strate, and the transistor may be provided directly on the
flexible substrate. Further alternatively, a separation layer
may be provided between the substrate and the transistor. The
separation layer can be used when part or the whole of a
semiconductor device formed over the separation layer is
separated from the substrate and transferred onto another
substrate. In such a case, the transistor can be transferred to a
substrate having low heat resistance or a flexible substrate as
well. For the above separation layer, a stack including inor-
ganic films, which are a tungsten film and a silicon oxide film,
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or an organic resin film such as a polyimide film formed over
a substrate can be used, for example.

In other words, a transistor may be formed using one sub-
strate, and then transferred to another substrate. Examples of
a substrate to which a transistor is transferred include, in
addition to the above-described substrates over which tran-
sistors can be formed, a paper substrate, a cellophane sub-
strate, an aramid film substrate, a polyimide film substrate, a
stone substrate, a wood substrate, a cloth substrate (including
a natural fiber (e.g., silk, cotton, and hemp), a synthetic fiber
(e.g., nylon, polyurethane, and polyester), a regenerated fiber
(e.g., acetate, cupra, rayon, and regenerated polyester), or the
like), a leather substrate, a rubber substrate, and the like. By
using such a substrate, a transistor with excellent properties or
a transistor with low power consumption can be formed, a
device with high durability can be formed, heat resistance can
be provided, or reduction in weight or thickness can be
achieved.

Embodiment 1

In this embodiment, an imaging device that is one embodi-
ment of the present invention is described with reference to
drawings.

FIG. 1A is a cross-sectional view illustrating the structure
of the imaging device of one embodiment of the present
invention. The imaging device in FIG. 1A includes a transis-
tor 51 including an active region in a silicon substrate 40,
transistors 52 and 53 each including an oxide semiconductor
layer as an active layer, and a photodiode 60 provided in the
silicon substrate 40. The transistors and the photodiode 60 are
electrically connected to contact plugs 70 and wiring layers
71. In addition, an anode 61 of the photodiode 60 is electri-
cally connected to the contact plug 70 through a low-resis-
tance region 63.

The imaging device has a stacked-layer structure and
includes a first layer 1100 including the transistor 51 provided
on the silicon substrate 40 and the photodiode 60 provided in
the silicon substrate 40, a second layer 1200 which is in
contact with the first layer 1100 and includes the wiring layers
71, athird layer 1300 which is in contact with the second layer
1200 and includes the transistors 52 and 53, and a fourth layer
1400 which is in contact with the third layer 1300 and
includes wiring layers 72 and wiring layers 73. Note that the
silicon substrate 40 is not limited to a bulk silicon substrate
and may be an SOI substrate. Furthermore, the silicon sub-
strate 40 can be replaced with a substrate made of germanium,
silicon germanium, silicon carbide, gallium arsenide, alumi-
num gallium arsenide, indium phosphide, gallium nitride, or
an organic semiconductor.

An insulating layer 80 is provided between the first layer
1100 including the transistor 51 and the photodiode 60 and
the third layer 1300 including the transistors 52 and 53
although there is no limitation on its specific position.

Hydrogen in an insulating layer provided in the vicinity of
the active region of the transistor 51 terminates dangling
bonds of silicon; accordingly, the reliability of the transistor
51 can be improved. Meanwhile, hydrogen in an insulating
layer provided in the vicinity of the oxide semiconductor
layers, which are the active layers, of the transistor 52, the
transistor 53, and the like provided in an upper portion
becomes a factor of generating carriers in the oxide semicon-
ductor layer; thus, the reliability of the transistor 52, the
transistor 53, and the like might be decreased. Therefore, in
the case where the transistor using an oxide semiconductor is
provided over the transistor using a silicon-based semicon-
ductor material, it is preferable that the insulating layer 80
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having a function of preventing diffusion of hydrogen be
provided between the transistors. The insulating layer 80
makes hydrogen remain in the lower portion, thereby improv-
ing the reliability of the transistor 51. In addition, since the
insulating layer 80 prevents diffusion of hydrogen from the
lower portion to the upper portion, the reliability of the tran-
sistors 52 and 53 also can be improved.

The insulating layer 80 can be, for example, formed using
aluminum oxide, aluminum oxynitride, gallium oxide, gal-
lium oxynitride, yttrium oxide, yttrium oxynitride, hafnium
oxide, hafnium oxynitride, or yttria-stabilized zirconia
(YSZ).

The transistor 52 and the photodiode 60 form a circuit 91,
and the transistor 51 and the transistor 53 form a circuit 92.
The circuit 91 can function as a pixel circuit, and the circuit 92
can function as a driver circuit for driving the circuit 91.

The circuit 91 can have a configuration shown in a circuit
diagram of FIG. 1B. One of a source and a drain of the
transistor 52 is electrically connected to a cathode 62 of the
photodiode 60; and the other of the source and the drain of the
transistor 52, a gate of a transistor 54 (not illustrated in FIG.
1A), one of a source and a drain of a transistor 55 (not
illustrated in FIG. 1A) are electrically connected to a charge
storage portion (FD).

Here, the transistor 52 can serve as a transfer transistor for
controlling the potential of the charge storage portion (FD) in
response to output of the photodiode 60. The transistor 54 can
serve as an amplifying transistor configured to output a signal
corresponding to the potential of the charge storage portion
(FD). The transistor 55 can serve as a reset transistor for
initializing the potential of the charge storage portion (FD).

The circuit 92 may include a CMOS inverter shown in a
circuit diagram of FIG. 1C, for example. A gate of the tran-
sistor 51 is electrically connected to a gate of the transistor 53.
One of a source and a drain of one transistor is electrically
connected to one of a source and a drain of the other transistor.
The other of the source and the drain of the one transistor is
electrically connected to a wiring and the other of the source
and the drain of the other transistor is electrically connected to
another wiring. In other words, the transistor including the
active region in the silicon substrate and the transistor includ-
ing the oxide semiconductor layer as the active layer form the
CMOS circuit. Note that in FIGS. 1B and 1C, a transistor
whose active layer is preferably formed using an oxide semi-
conductor is denoted by a symbol “OS”, and a transistor that
preferably includes an active region in the silicon substrate is
denoted by a symbol “Si”.

In the imaging device, the transistor 51 including the active
region in the silicon substrate 40 is a p-channel transistor, and
the transistors 52 to 55 each including the oxide semiconduc-
tor layer as the active layer are n-channel transistors.

All the transistors included in the circuit 91 are formed in
the third layer 1300, in which a structure making electrical
connection therebetween can be simplified, resulting in a
simplified manufacturing process.

Extremely low off-state current characteristics of the tran-
sistor including an oxide semiconductor can widen the
dynamic range of imaging. In the circuit shown in FIG. 1B, an
increase in the intensity of light entering the photodiode 60
reduces the potential of the charge storage portion (FD).
Since the transistor including an oxide semiconductor has an
extremely small off-state current, a current corresponding to
the gate potential can be accurately output even when the gate
potential is extremely low. Thus, it is possible to widen the
detection range of illuminance, i.e., the dynamic range.

Since a period during which charge can be retained in the
charge storage portion (FD) can be extremely long owing to
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the low off-state current characteristics of the transistors 52
and 55, a global shutter system can be used without a com-
plicated circuit configuration and operation method, and thus,
an image with little distortion can be easily obtained even in
the case of a moving object. Furthermore, for the same reason,
exposure time (a period for conducting charge accumulation
operation) can be long; thus, the imaging device is suitable for
imaging even in a low illuminance environment.

In addition, the transistor including an oxide semiconduc-
tor has lower temperature dependence of change in electrical
characteristics than the transistor including silicon, and thus
can be used at an extremely wide range of temperatures.
Therefore, an imaging device and a semiconductor device
which include transistors formed using an oxide semiconduc-
tor are suitable for use in automobiles, aircrafts, and space-
crafts.

In the circuit 91, the photodiode 60 provided in the first
layer 1100 and the transistor 52 provided in the third layer
1300 can be formed to overlap each other; thus, the integra-
tion degree of pixels can be increased. In other words, the
resolution of the imaging device can be increased. Further-
more, since no transistor is formed in the occupation area of
the circuit 91 in the silicon substrate, the area of the photo-
diode can be large, and thus an image with little noise can be
obtained.

Formation of the circuit 92 does not require a process for
forming an n-channel transistor including an active region in
the silicon substrate 40; therefore, steps of forming a p-type
well, an n-type impurity region, and the like can be omitted
and the number of steps can be drastically reduced. Moreover,
the n-channel transistor needed for the CMOS circuit can be
formed at the same time as the transistors included in the
circuit 91.

In the imaging device in FIGS. 1A to 1C, a surface of the
silicon substrate 40 opposite to a surface where the transistor
51 is formed includes a light-receiving surface of the photo-
diode 60. Therefore, an optical path can be secured without
being influenced by the transistors or wirings, and therefore,
apixel with a high aperture ratio can be formed. Note that the
light-receiving surface can be the same as the surface where
the transistor 51 is formed.

FIG. 2A is a cross-sectional view of an example of a mode
in which a color filter and the like are added to the imaging
device in FIG. 1A, illustrating three pixel regions (circuits
91a, 915, and 91¢) in the circuit 91 and part of the circuit 92.
An insulating layer 1500 is formed over the photodiode 60
provided in the first layer 1100. As the insulating layer 1500,
for example, a silicon oxide film with a high visible-light
transmitting property can be used. In addition, a silicon
nitride film may be stacked as a passivation film. In addition,
a dielectric film of hafnium oxide or the like may be stacked
as an anti-reflection film.

A light-blocking layer 1510 is formed over the insulating
layer 1500. The light-blocking layer 1510 has a function of
inhibiting color mixing of light passing through the color
filter. Furthermore, the light-blocking layer 1510 over the
circuit 92 also has a function of inhibiting a change in char-
acteristics of the transistor including the active region in the
silicon substrate 40 due to light irradiation. The light-block-
ing layer 1510 can be formed of a metal layer of aluminum,
tungsten, or the like, or a stack including the metal layer and
a dielectric film functioning as an anti-reflection film.

An organic resin layer 1520 is formed as a planarization
film over the insulating layer 1500 and the light-blocking
layer 1510. A color filter 15304, a color filter 15305, and a
color filter 1530¢ are formed over the circuit 914, the circuit
9154, and the circuit 91c to be paired up with the circuit 9a,
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the circuit 915, and the circuit 91c, respectively. The color
filter 1530a, the color filter 15305, and the color filter 1530c¢
have colors of R (red), G (green), and B (blue), whereby a
color image can be obtained.

A microlens array 1540 is provided over the color filters
15304, 15305, and 1530c¢ so that light penetrating a lens goes
through the color filter positioned therebelow to reach the
photodiode.

A supporting substrate 1600 is provided in contact with the
fourth layer 1400. As the supporting substrate 1600, a hard
substrate such as a semiconductor substrate (e.g., a silicon
substrate), a glass substrate, a metal substrate, or a ceramic
substrate can be used. Note that an inorganic insulating layer
or an organic resin layer may be between the fourth layer
1400 and the supporting substrate 1600.

The circuits 91 and 92 may be connected to a power supply
circuit, a controlling circuit, or the like provided on the out-
side with the wiring layer 72 or the wiring layer 73 in the
fourth layer.

In the structure of the imaging device, when an optical
conversion layer 1550 (see FIG. 2B) is used instead of the
color filters 1530qa, 15305, and 1530c¢, the imaging device can
take images in various wavelength regions.

For example, when a filter which blocks light having a
wavelength shorter than or equal to that of visible light is used
as the optical conversion layer 1550, an infrared imaging
device can be obtained. When a filter which blocks light
having a wavelength shorter than or equal to that of near
infrared light is used as the optical conversion layer 1550, a
far-infrared imaging device can be obtained. When a filter
which blocks light having a wavelength longer than or equal
to that of visible light is used as the optical conversion layer
1550, an ultraviolet imaging device can be obtained.

Furthermore, when a scintillator is used as the optical
conversion layer 1550, an imaging device which takes an
image visualizing the intensity of radiation, such as a medical
X-ray imaging device, can be obtained. Radiation such as
X-rays passes through a subject to enter a scintillator, and
then is converted into light (fluorescence) such as visible light
or ultraviolet light owing to a phenomenon known as photo-
luminescence. Then, the photodiode 60 detects the light to
obtain image data.

A scintillator is formed of a substance that, when irradiated
with radial rays such as X-rays or gamma-rays, absorbs
energy of the radial rays to emit visible light or ultraviolet
light or a material containing the substance. For example,
materials such as Gd,0,S:Tb, Gd,0,S:Pr, Gd,0,S:Eu, BaF-
ClL:Eu, Nal, Csl, CaF,, BaF,, CeF;, LiF, Lil, and ZnO and a
resin or ceramics in which any of the materials is dispersed
are known.

FIG. 3 is a schematic view illustrating the configuration of
the imaging device. A circuit 1730 and a circuit 1740 are
provided on the sides of a pixel matrix 1700 including the
circuit 91. The circuit 1730 can function as a reset terminal
driver circuit, for example. In this case, the circuit 1730 is
electrically connected to the transistor 55 in FIG. 1B. The
circuit 1740 can serve as a transfer terminal driver circuit, for
example. In this case, the circuit 1740 is electrically con-
nected to the transistor 52 in FIG. 1B. Note that although the
circuit 1730 and the circuit 1740 are positioned at the facing
sides of the pixel matrix 1700 in FIG. 3, the circuit 1730 and
the circuit 1740 may be positioned on one side of the pixel
matrix 1700.

In addition, a circuit 1750 is provided on another side of the
pixel matrix 1700 where neither the circuit 1730 nor the
circuit 1740 is provided. The circuit 1750 can serve as a
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vertical output line driver circuit, for example. In this case, the
circuit 1750 is electrically connected to the transistor 54 in
FIG. 1B.

The reset terminal driver circuit and the transfer terminal
driver circuit are each a driver circuit that outputs signals
having binary values of high level and low level, and their
operations can be conducted with a combination of a shift
register 1800 and a buffer circuit 1900 as illustrated in FIG.
4A.

The vertical output line driver circuit can include a shift
register 1810, a buffer circuit 1910, and analog switches
2100, as illustrated in FIG. 4B. Vertical output lines 2110 are
selected with the analog switches 2100, and the potentials of
the selected output lines are output to an image output line
2200. The analog switches 2100 are sequentially selected by
the shift register 1810 and the buffer circuit 1910.

In one embodiment of the present invention, one or more of
the circuit 1730, the circuit 1740, and the circuit 1750 include
the circuit 92. That is, one or more of the shift register 1800,
the buffer circuit 1900, the shift register 1810, the buffer
circuit 1910, and the analog switches 2100 include a CMOS
circuit including a p-channel transistor including an active
region in a silicon substrate and an n-channel transistor
including an oxide semiconductor layer as an active layer.

This embodiment can be implemented in an appropriate
combination with any of the structures described in the other
embodiments.

Embodiment 2

In this embodiment, the circuit 91 described in Embodi-
ment 1 is described.

FIG. 5A shows details of connections between the circuit
91 in FIG. 1B and a variety of wirings. The circuit in FIG. 5A
includes the photodiode 60, the transistor 52, the transistor
54, and the transistor 55.

The anode of the photodiode 60 is electrically connected to
a wiring 316; the cathode of the photodiode 60 is electrically
connected to one of the source and the drain of the transistor
52; the other of the source and the drain of the transistor 52 is
electrically connected to the charge storage portion (FD); a
gate of the transistor 52 is electrically connected to a wiring
312 (TX); one of a source and a drain of the transistor 54 is
electrically connected to a wiring 314 (GND); the other of the
source and the drain of the transistor 54 is electrically con-
nected to one of a source and a drain of a transistor 56; the gate
of the transistor 54 is electrically connected to the charge
storage portion (FD); one of the source and the drain of the
transistor 55 is electrically connected to the charge storage
portion (FD); the other of the source and the drain of the
transistor 55 is electrically connected to a wiring 317; a gate
of the transistor 55 is electrically connected to a wiring 311
(RS); the other of the source and the drain of the transistor 56
is electrically connected to a wiring 315 (OUT); and a gate of
the transistor 56 is electrically connected to a wiring 313
(SE).

A potential such as GND, VSS, or VDD may be supplied to
the wiring 314. Here, a potential or a voltage has a relative
value. Therefore, the potential GND is not necessarily 0 V.

The photodiode 60 is a light-receiving element and gener-
ates current corresponding to the amount of light incident on
the pixel circuit. The transistor 52 controls supply of charge
from the photodiode 60 to the charge storage portion (FD)
performed by the photodiode 60. The transistor 54 outputs a
signal which corresponds to the potential of the charge stor-
age portion (FD). The transistor 55 executes an operation of
resetting the potential of the charge storage portion (FD). The
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transistor 56 executes an operation of controlling selection of
the pixel circuit at the time of reading.

Note that the charge storage portion (FD) is a charge reten-
tion node and retains charge that is changed depending on the
amount of light received by the photodiode 60.

Note that the transistor 54 and the transistor 56 only need to
be connected in series between the wiring 315 and the wiring
314. Hence, the wiring 314, the transistor 54, the transistor
56, and the wiring 315 may be arranged in order, or the wiring
314, the transistor 56, the transistor 54, and the wiring 315
may be arranged in order.

The wiring 311 (RS) is a signal line for controlling the
transistor 55. The wiring 312 (TX) is a signal line for con-
trolling the transistor 52. The wiring 313 (SE) is a signal line
for controlling the transistor 56. The wiring 314 (GND) is a
signal line for supplying a reference potential (e.g., GND).
The wiring 315 (OUT) is a signal line for reading a signal
output from the transistor 54. The wiring 316 is a signal line
for outputting charge from the charge storage portion (FD)
through the photodiode 60 and is a low-potential line in the
circuit in FIG. 5A. The wiring 317 is a signal line for resetting
the potential of the charge storage portion (FD) and is a
high-potential line in the circuit in FIG. 5A.

The circuit 91 may have a configuration illustrated in FIG.
5B. The circuit illustrated in FIG. 5B includes the same com-
ponents as those in the circuit in FIG. 5A but is different from
the circuit in that the anode of the photodiode 60 is electrically
connected to one of the source and the drain of the transistor
52 and the cathode of the photodiode 60 is electrically con-
nected to the wiring 316.

Next, a structure of each component illustrated in FIGS. 5A
and 5B is described.

An element formed using a silicon substrate with a pn
junction or a pin junction can be used as the photodiode 60,
for example.

Although a silicon semiconductor such as amorphous sili-
con, microcrystalline silicon, polycrystalline silicon, or
single crystal silicon can be used to form the transistor 52, the
transistor 54, the transistor 55, and the transistor 56, an oxide
semiconductor is preferably used to form the transistors. A
transistor in which a channel formation region is formed of an
oxide semiconductor has an extremely low off-state current.

In particular, when the transistors 52 and 55 connected to
the charge storage portion (FD) has a high leakage current,
charge accumulated in the charge storage portion (FD) cannot
be retained for a sufficiently long time. The use of an oxide
semiconductor for the transistors 52 and 55 prevents
unwanted output of charge from the charge storage portion
(FD).

Unwanted output of charge also occurs in the wiring 314 or
the wiring 315 when the transistor 54 and the transistor 56
have a large leakage current; thus, transistors in which a
channel formation region is formed of an oxide semiconduc-
tor are preferably used as these transistors.

An example of the operation of the circuit in FIG. 5A is
described using a timing chart shown in FIG. 6A.

InFIG. 6A, a potential of each wiring is denoted as a signal
which varies between two levels for simplicity. Note that
because each potential is an analog signal, the potential can,
in practice, have various levels in accordance with situations
without limitation on two levels. In the drawing, a signal 701
corresponds to the potential of the wiring 311 (RS); a signal
702, the potential of the wiring 312 (TX); a signal 703, the
potential of the wiring 313 (SE); a signal 704, the potential of
the charge storage portion (FD); and a signal 705, the poten-
tial of the wiring 315 (OUT). Note that the potential of the
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wiring 316 is always at low level, and the potential of the
wiring 317 is always at high level.

At time A, the potential of the wiring 311 (signal 701) is at
high level and the potential of the wiring 312 (signal 702) is at
high level, so that the potential of the charge storage portion
(FD) (signal 704) is initialized to the potential of the wiring
317 (high level), and reset operation is started. Note that the
potential of the wiring 315 (signal 705) is precharged to high
level.

Attime B, the potential of the wiring 311 (signal 701) is set
atlow level, whereby the reset operation is terminated to start
accumulation operation. Here, a reverse bias is applied to the
photodiode 60, whereby the potential of the charge storage
portion (FD) (signal 704) starts to decrease due to a reverse
current. Since irradiation of the photodiode 60 with light
increases the reverse current, the rate of decrease in the poten-
tial of the charge storage portion (FD) (signal 704) changes
depending on the amount of the light irradiation. In other
words, channel resistance between the source and the drain of
the transistor 54 changes depending on the amount of light
emitted to the photodiode 60.

Attime C, the potential of the wiring 312 (signal 702) is set
to low level to terminate the accumulation operation, so that
the potential of the charge storage portion (FD) (signal 704)
becomes constant. Here, the potential is determined by the
amount of electrical charge generated by the photodiode 60
during the accumulation operation. That is, the potential
changes depending on the amount of light emitted to the
photodiode 60. Furthermore, since the transistor 52 and the
transistor 55 are each a transistor which includes a channel
formation region formed of an oxide semiconductor layer and
which has an extremely small off-state current, the potential
of the charge storage portion (FD) can be kept constant until
a subsequent selection operation (read operation) is per-
formed.

Note that when the potential of the wiring 312 (signal 702)
is set at low level, the potential of the charge storage portion
(FD) might change owing to parasitic capacitance between
the wiring 312 and the charge storage portion (FD). In the
case where this potential change is large, the amount of elec-
trical charge generated by the photodiode 60 during the accu-
mulation operation cannot be obtained accurately. Examples
of effective measures to reduce the amount of change in the
potential include reducing the capacitance between the gate
and the source (or between the gate and the drain) of the
transistor 52, increasing the gate capacitance of the transistor
54, and providing a storage capacitor to connect the charge
storage portion (FD). Note that in this embodiment, the
change in the potential can be ignored by the adoption of these
measures.

Attime D, the potential of the wiring 313 (signal 703) is set
at high level to turn on the transistor 56, whereby selection
operation starts and the wiring 314 and the wiring 315 are
electrically connected to each other through the transistor 54
and the transistor 56. Also, the potential of the wiring 315
(signal 705) starts to decrease. Note that precharge of the
wiring 315 is terminated before the time D. Here, the rate at
which the potential of the wiring 315 (signal 705) decreases
depends on the current between the source and the drain of the
transistor 54. That is, the potential of the wiring 315 (signal
705) changes depending on the amount of light emitted to the
photodiode 60 during the accumulation operation.

Attime E, the potential of the wiring 313 (signal 703) is set
at low level to turn off the transistor 56, so that the selection
operation is terminated and the potential of the wiring 315
(signal 705) becomes a constant value. Here, the constant
value changes depending on the amount of light emitted to the
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photodiode 60. Therefore, the amount of light emitted to the
photodiode 60 during the accumulation operation can be
determined by measuring the potential of the wiring 315.

Specifically, when the photodiode 60 is irradiated with
light with high intensity, the potential of the charge storage
portion (FD), that is, the gate voltage of the transistor 54 is
low. Therefore, current flowing between the source and the
drain of the transistor 54 becomes small; as a result, the
potential of the wiring 315 (signal 705) is gradually lowered.
Thus, a relatively high potential can be read from the wiring
315.

In contrast, when the photodiode 60 is irradiated with light
with low intensity, the potential of the charge storage portion
(FD), that is, the gate voltage of the transistor 54 is high.
Therefore, the current flowing between the source and the
drain of the transistor 54 becomes large; thus, the potential of
the wiring 315 (signal 705) rapidly decreases. Thus, a rela-
tively low potential can be read from the wiring 315.

Next, an example of the operation of the circuit in FIG. 5B
is described with reference to a timing chart in FIG. 6B. Note
that the wiring 316 is always at high level, and the potential of
the wiring 317 is always at low level.

At time A, the potential of the wiring 311 (signal 701) is at
high level and the potential of the wiring 312 (signal 702) is at
high level, so that the potential of the charge storage portion
(FD) (signal 704) is initialized to the potential of the wiring
317 (low level), and reset operation is started. Note that the
potential of the wiring 315 (signal 705) is precharged to high
level.

Attime B, the potential of the wiring 311 (signal 701) is set
atlow level, whereby the reset operation is terminated to start
accumulation operation. Here, a reverse bias is applied to the
photodiode 60, whereby the potential of the charge storage
portion (FD) (signal 704) starts to increase due to a reverse
current.

The description of the timing chart of FIG. 6A can be
referred to for operations at and after the time C. The amount
of light emitted to the photodiode 60 during the accumulation
operation can be determined by measuring the potential of the
wiring 315 at time E.

The circuit 91 may have any of configurations illustrated in
FIGS. 7A and 7B.

The configuration of a circuit in FIG. 7A is different from
that of the circuit in FIG. 5A in that the transistor 55, the
wiring 316, and the wiring 317 are not provided, and the
wiring 311 (RS) is electrically connected to the anode of the
photodiode 60. The other structures are the same as those in
the circuit FIG. 5A.

The circuit in FIG. 7B includes the same components as
those in the circuit in FIG. 7A but is different from the circuit
in that the anode of the photodiode 60 is electrically con-
nected to one of the source and the drain of the transistor 52
and the cathode of the photodiode 60 is electrically connected
to the wiring 311 (RS).

Like the circuit in FIG. 5A, the circuit in FIG. 7A can be
operated in accordance with the timing chart shown in FIG.
6A.

Attime A, the potential of the wiring 311 (signal 701) is set
at high level and the potential of the wiring 312 (signal 702)
is set at high level, whereby a forward bias is applied to the
photodiode 60 and the potential of the charge storage portion
(FD) (signal 704) is set at high level. In other words, the
potential of the charge storage portion (FD) is initialized to
the potential of the wiring 311 (RS) (high level) and brought
into a reset state. The above is the start of the reset operation.
Note that the potential of the wiring 315 (signal 705) is
precharged to high level.
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Attime B, the potential of the wiring 311 (signal 701) is set
atlow level, whereby the reset operation is terminated to start
accumulation operation. Here, a reverse bias is applied to the
photodiode 60, whereby the potential of the charge storage
portion (FD) (signal 704) starts to decrease due to a reverse
current.

The description of the circuit configuration of FIG. 5A can
be referred to for operations at and after time C. The amount
of light emitted to the photodiode 60 during the accumulation
operation can be determined by measuring the potential of the
wiring 315 at time E.

The circuit in FIG. 7B can be operated in accordance with
the timing chart shown in FIG. 6C.

Attime A, the potential of the wiring 311 (signal 701) is set
atlow level and the potential of the wiring 312 (signal 702) is
set at high level, whereby a forward bias is applied to the
photodiode 60 and the potential of the charge storage portion
(FD) (signal 704) is set at low level to be in a reset state. The
above is the start of the reset operation. Note that the potential
of the wiring 315 (signal 705) is precharged to high level.

Attime B, the potential of the wiring 311 (signal 701) is set
athigh level, whereby the reset operation is terminated to start
accumulation operation. Here, a reverse bias is applied to the
photodiode 60, whereby the potential of the charge storage
portion (FD) (signal 704) starts to increase due to a reverse
current.

The description of the circuit configuration of FIG. 5A can
be referred to for operations at and after time C. The amount
of light emitted to the photodiode 60 during the accumulation
operation can be determined by measuring the potential of the
wiring 315 at time E.

Note that FIGS. 5A and 5B and FIGS. 7A and 7B each
show the example in which the transistor 52 is provided;
however, one embodiment of the present invention is not
limited thereto. As shown in FIGS. 8 A and 8B, the transistor
52 may be omitted.

The transistor 52, the transistor 54, and the transistor 56 in
the circuit 91 may each have a back gate as illustrated in FIGS.
9A and 9B. FIG. 9A illustrates a configuration of applying a
constant potential to the back gates, which enables control of
the threshold voltages. FIG. 9B illustrates a configuration in
which the back gates are supplied with the same potential as
their respective front gates, which enables an increase in
on-state current. Although the back gates are electrically con-
nected to the wiring 314 (GND) in FIG. 9A, they may be
electrically connected to a different wiring to which a con-
stant potential is supplied. Furthermore, although FIGS. 9A
and 9B each illustrate an example in which back gates are
provided in the transistors of the circuit in FIG. 7A, the
circuits in FIGS. 5A and 5B, FIG. 7B, and FIGS. 8A and 8B
may have a similar configuration. Moreover, a configuration
of applying the same potential to a front gate and a back gate,
a configuration of applying a constant potential to a back gate,
and a configuration without a back gate may be arbitrarily
combined as necessary for the transistors in one circuit.

Note that in the circuit example, an integrator circuit illus-
trated in FIG. 10A, 10B, or 10C may be connected to the
wiring 315 (OUT). The circuit enables an S/N ratio of a
reading signal to be increased, which makes it possible to
sense weaker light, that is, to increase the sensitivity of the
imaging device.

FIG. 10A illustrates an integrator circuit using an opera-
tional amplifier circuit (also referred to as an op-amp). An
inverting input terminal of the operational amplifier circuit is
connected to the wiring 315 (OUT) through a resistor R. A
non-inverting input terminal of the operational amplifier cir-
cuit is grounded. An output terminal of the operational ampli-
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fier circuit is connected to the inverting input terminal of the
operational amplifier circuit through a capacitor C.

FIG. 10B illustrates an integrator circuit including an
operational amplifier circuit having a structure different from
that in FIG. 10A. The inverting input terminal of the opera-
tional amplifier circuit is connected to the wiring 315 through
a resistor R and a capacitor C1. The non-inverting input
terminal of the operational amplifier circuit is grounded. The
output terminal of the operational amplifier circuit is con-
nected to the inverting input terminal of the operational
amplifier circuit through a capacitor C2.

FIG. 10C illustrates an integrator circuit using an opera-
tional amplifier circuit having a structure different from those
in FIGS. 10A and 10B. The non-inverting input terminal of
the operational amplifier circuit is connected to the wiring
315 (OUT) through the resistor R. The output terminal of the
operational amplifier circuit is connected to the inverting
input terminal of the operational amplifier circuit. The resis-
tor R and the capacitor C constitute a CR integrator circuit.
The operational amplifier circuit is a unity gain buffer.

This embodiment can be implemented in an appropriate
combination with any of the structures described in the other
embodiments.

Embodiment 3

In this embodiment, a circuit configuration in which a
transistor for initializing the potential of the charge storage
portion (FD), a transistor for outputting a signal correspond-
ing to the potential of the charge storage portion (FD), and
various wirings (signal lines) are shared between pixels (of
plural circuits 91) is described.

In a pixel circuit shown in FIG. 11, as in the circuit shown
in FIG. 5A, the transistor 52 (functioning as a transfer tran-
sistor), the transistor 54 (functioning as an amplifying tran-
sistor), the transistor 55 (functioning as a reset transistor), the
transistor 56 (functioning as a selection transistor), and the
photodiode 60 are provided in each pixel. Furthermore, a
basic configuration is as follows: the wiring 311 (functioning
a reset switch line), the wiring 312 (functioning as a transfer
switch line), the wiring 313 (functioning as a selection switch
line), the wiring 314 (functioning as a high-potential line),
and the wiring 315 (functioning as an output line) are electri-
cally connected to the pixel circuit.

The wiring 314 corresponds to GND and the wiring 317
corresponds to a high-potential line in the circuit shown in
FIG. 5A; however, in the pixel circuit in FIG. 11, since the
wiring 314 corresponds to a high-potential line (e.g., VDD)
and the other of the source and the drain of the transistor 56 is
connected to the wiring 314, the wiring 317 is not provided.
Furthermore, the wiring 315 (OUT) is reset to low potential.

The wiring 314, the wiring 315, and the wiring 316 can be
shared between a pixel circuit in a first line and a pixel circuit
in a second line, and in addition, the wiring 311 can be shared
between the pixel circuits depending on an operation mode.

FIG. 12 shows a longitudinal-sharing-type configuration
of four pixels, in which the transistor 54, the transistor 55, the
transistor 56, and the wiring 311 are shared between the
longitudinally adjacent four pixels. A reduction in the num-
bers of transistors and wirings can miniaturize the circuit due
to reduction in the area of a pixel, and can improve an yield in
the production. The other of the source and the drain of the
transistor 52 in each of the longitudinally adjacent four pixels,
one of the source and the drain of the transistor 55, and the
gate of the transistor 54 are electrically connected to the
charge storage portion (FD). The transistors 52 of all the
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pixels are sequentially operated, and accumulation operation
and reading operation are repeated, whereby data can be
obtained from all the pixels.

FIG. 13 shows a lateral-longitudinal-sharing-type configu-
ration of four pixels, in which the transistor 54, the transistor
55, the transistor 56, and the wiring 311 are shared between
the laterally and longitudinally adjacent four pixels. In a
manner similar to that of the configuration of longitudinally
arranged four pixels, a reduction in the numbers of transistors
and wirings can miniaturize the circuit due to reduction in the
area of a pixel, and can improve an yield in the production.
The other of the source and the drain of the transistor 52 in
each of the laterally and longitudinally adjacent four pixels,
one of the source and the drain of the transistor 55, and the
gate of the transistor 54 are electrically connected to the
charge storage portion (FD). The transistors 52 of all the
pixels are sequentially operated, and accumulation operation
and reading operation are repeated, whereby data can be
obtained from all the pixels.

FIG. 14 shows a transfer-switch-line sharing configura-
tion, in which the transistor 54, the transistor 55, the transistor
56, the wiring 311, and the wiring 312 are shared between
four pixels that are adjacent to each other longitudinally and
laterally. This configuration corresponds to the configuration
of four pixels arranged longitudinally and laterally in which
the transfer switch line (wiring 312) is shared between the
four pixels. The other of the source and the drain of the
transistor 52 in each of the four pixels that are adjacent to each
other longitudinally and laterally (in the first row, two pixels
that are adjacent to each other laterally), one of the source and
the drain of the transistor 55, and the gate of the transistor 54
are electrically connected to the charge storage portion (FD).
In the circuit configuration, the transfer switch line (wiring
312) is shared between two transfer transistors (transistors
52) positioned longitudinally, so that transistors which oper-
ate in a lateral direction and a longitudinal direction concur-
rently are provided.

Note that although different from the configurations in
which the transistors and the signal line(s) are shared between
the pixels, a configuration of a pixel circuit including a plu-
rality of photodiodes may be employed.

For example, as shown in a circuit in FIG. 15, photodiodes
60a, 605, and 60c, transistors 58a, 58b, and 58¢, and the like
are provided between the wiring 316 and the one of the source
and the drain of the transistor 52. The transistors 58a, 585, and
58¢ each function as a switch for selecting a photodiode
which is connected to the transistor. Note that there is no
limitation on the numbers of the photodiodes and the transis-
tors functioning as switches.

For example, as the photodiodes 60a, 605, and 60c, pho-
todiodes which differ in sensitivity to illuminance can be used
and those suited to imaging under each of environments from
low illuminance to high illuminance are selected. For
example, as a photodiode for high illuminance, a photodiode
which is combined with a dimming filter so that output for
illuminance has linearity can be used. Note that a plurality of
photodiodes may be operated at the same time.

Alternatively, as the photodiodes 60a, 605, and 60c, pho-
todiodes which differ in sensitivity to a wavelength can be
used and those suited to imaging in each of wavelengths from
ultraviolet rays to far infrared rays are selected. For example,
with a combination of a filter which transmits light having a
target wavelength range and a photodiode, imaging utilizing
ultraviolet light, imaging utilizing visible light, imaging uti-
lizing infrared light, and the like can be separately performed.
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This embodiment can be implemented in an appropriate
combination with any of the structures described in the other
embodiments.

Embodiment 4

In this embodiment, an example of a driving method of a
pixel circuit is described.

As described in Embodiment 2, the operation of the pixel
circuit is repetition of the reset operation, the accumulation
operation, and the selection operation. As imaging modes in
which the whole pixel matrix is controlled, a global shutter
system and a rolling shutter system are known.

FIG. 16 A shows a timing chart in a global shutter system.
FIG. 16A shows operations of an imaging device in which a
plurality of pixel circuits illustrated in FIG. 5A are arranged in
a matrix. Specifically, FIG. 16 A show operations of the pixel
circuits from the first row to the n-th row (n is a natural
number of three or more). The following description for
operation can be applied to any of the circuits in FIG. 5B,
FIGS. 7A and 7B, and FIGS. 8A and 8B.

InFIG.16A, asignal 501, a signal 502, and a signal 503 are
input to the wirings 311 (RS) connected to the pixel circuits in
the first row, the second row, and the n-th row, respectively. A
signal 504, a signal 505, and a signal 506 are input to the
wirings 312 (TX) connected to the pixel circuits in the first
row, the second row, and the n-th row, respectively. A signal
507, asignal 508, and a signal 509 are input to the wirings 313
(SE) connected to the pixel circuits in the first row, the second
row, and the n-th row, respectively.

A period 510 is a period required for one imaging. In a
period 511, the pixel circuits in each row perform the reset
operation at the same time. In a period 520, the pixel circuits
in each row perform the accumulation operation at the same
time. Note that the selection operation is sequentially per-
formed in the pixel circuits for each row. For example, in a
period 531, the selection operation is performed in the pixel
circuits in the first row. As described above, in the global
shutter system, the reset operation is performed in all the pixel
circuits substantially at the same time, the accumulation
operation is performed in all the pixel circuits substantially at
the same time, and then the read operation is sequentially
performed for each row.

That is, in the global shutter system, since the accumula-
tion operation is performed in all the pixel circuits substan-
tially at the same time, imaging is simultaneously performed
in the pixel circuits in all the rows. Therefore, an image with
little distortion can be obtained even in the case of a moving
object.

On the other hand, FIG. 16B is a timing chart of the case
where a rolling shutter system is used. The description of FIG.
16 A can be referred to for the signals 501 to 509. A period 610
is the time taken for one imaging. A period 611, a period 612,
and a period 613 are reset periods in the first row, the second
row, and the n-th row, respectively. A period 621, a period
622, and a period 623 are accumulation operation periods in
the first row, the second row, and the n-th row, respectively. In
aperiod 631, the selection operation is performed in the pixel
circuits in the first row. As described above, in the rolling
shutter system, the accumulation operation is not performed
at the same time in all the pixel circuits but is sequentially
performed for each row; thus, imaging is not simultaneously
performed in the pixel circuits in all the rows. Therefore, the
timing of imaging in the first row is different from that of
imaging in the last row, and thus an image with large distor-
tion is obtained in the case of a moving object.
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To perform the global shutter system, even after the accu-
mulation operation, the potential of the charge storage portion
(FD) in each pixel circuit needs to be kept for a long time until
the read operation is performed. As described above, when a
transistor including a channel formation region formed of an
oxide semiconductor and having an extremely small off-state
current is used as the transistor 52 and the like, the potential of
the charge storage portion (FD) can be kept for a long time. In
the case where a transistor including a channel formation
region formed of silicon or the like is used as the transistor
301 and so on, the potential of the charge storage portion (FD)
cannot be kept for a long time because of a high off-state
current, which makes it difficult to use the global shutter
system.

The use of transistors including a channel formation region
formed of an oxide semiconductor in the pixel circuits makes
it easy to perform the global shutter system.

This embodiment can be implemented in an appropriate
combination with any of the structures described in the other
embodiments.

Embodiment 5

In this embodiment, a transistor including an oxide semi-
conductor that can be used in one embodiment of the present
invention is described with reference to drawings.

FIGS. 17A and 17B are a top view and a cross-sectional
view illustrating a transistor 101 of one embodiment of the
present invention. FIG. 17A is a top view, and a cross section
in the direction of a dashed-dotted line B1-B2 in FIG. 17A is
illustrated in FIG. 17B. A cross section in the direction of a
dashed-dotted line B3-B4 in FIG. 17A is illustrated in FIG.
23A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line B1-B2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line B3-B4 may be referred to as a channel width
direction.

The transistor 101 includes an insulating layer 120 in con-
tact with a substrate 115; an oxide semiconductor layer 130 in
contact with the insulating layer 120; a conductive layer 140
and a conductive layer 150 electrically connected to the oxide
semiconductor layer 130; an insulating layer 160 in contact
with the oxide semiconductor layer 130, the conductive layer
140, and the conductive layer 150; a conductive layer 170 in
contact with the insulating layer 160; an insulating layer 175
in contact with the conductive layer 140, the conductive layer
150, the insulating layer 160, and the conductive layer 170;
and an insulating layer 180 in contact with the insulating layer
175. The transistor 101 may also include, for example, an
insulating layer 190 (planarization film) in contact with the
insulating layer 180 as necessary.

Here, the conductive layer 140, the conductive layer 150,
the insulating layer 160, and the conductive layer 170 can
function as a source electrode layer, a drain electrode layer, a
gate insulating film, and a gate electrode layer, respectively.

A region 231, a region 232, and a region 233 in FIG. 17B
can function as a source region, a drain region, and a channel
formation region, respectively. The region 231 and the region
232 are in contact with the conductive layer 140 and the
conductive layer 150, respectively. When a conductive mate-
rial that is easily bonded to oxygen is used for the conductive
layer 140 and the conductive layer 150, for example, the
resistance of the region 231 and the region 232 can be
reduced.

Specifically, since the oxide semiconductor layer 130 is in
contact with the conductive layer 140 and the conductive
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layer 150, oxygen vacancy is generated in the oxide semicon-
ductor layer 130, and interaction between the oxygen vacancy
and hydrogen that remains in the oxide semiconductor layer
130 or diftuses into the oxide semiconductor layer 130 from
the outside changes the region 231 and the region 232 to
n-type regions with low resistance.

Note that functions of a “source” and a “drain” of a tran-
sistor are sometimes replaced with each other when a transis-
tor of opposite polarity is used or when the direction of
current flow is changed in circuit operation, for example.
Therefore, the terms “source” and “drain” can be replaced
with each other in this specification. In addition, the term
“electrode layer” can be replaced with the term “wiring”.

The conductive layer 170 includes two layers, a conductive
layer 171 and a conductive layer 172, in the drawing, but also
may be a single layer or a stack of three or more layers. The
same applies to other transistors described in this embodi-
ment.

Each of the conductive layers 140 and 150 is a single layer
in the drawing, but also may be a stack of two or more layers.
The same applies to other transistors described in this
embodiment.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 18A and 18B. FIG.
18A is a top view of a transistor 102. A cross section in the
direction of a dashed-dotted line C1-C2 in FIG. 18A is illus-
trated in FIG. 18B. A cross section in the direction of a
dashed-dotted line C3-C4 in FIG. 18A is illustrated in FIG.
23B. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line C1-C2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line C3-C4 may be referred to as a channel width
direction.

The transistor 102 has the same structure as the transistor
101 except that an end portion of the insulating layer 160
functioning as a gate insulating film is not aligned with an end
portion of the conductive layer 170 functioning as a gate
electrode layer. In the transistor 102, wide areas of the con-
ductive layer 140 and the conductive layer 150 are covered
with the insulating layer 160 and accordingly the resistance
between the conductive layer 170 and the conductive layers
140 and 150 is high; therefore, the transistor 102 has a feature
of low gate leakage current.

The transistor 101 and the transistor 102 each have a top-
gate structure including a region where the conductive layer
170 overlaps each of the conductive layers 140 and 150. To
reduce parasitic capacitance, the width of the region in the
channel length direction is preferably greater than or equal to
3 nm and less than 300 nm. Meanwhile, since an offset region
is not formed in the oxide semiconductor layer 130, a tran-
sistor with high on-state current can be easily be formed.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 19A and 19B. FIG.
19A is a top view of a transistor 103. A cross section in the
direction of a dashed-dotted line D1-D2 in FIG. 19A is illus-
trated in FIG. 19B. A cross section in the direction of a
dashed-dotted line D3-D4 in FIG. 19A is illustrated in FIG.
23A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line D1-D2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line D3-D4 may be referred to as a channel width
direction.

The transistor 103 includes the insulating layer 120 in
contact with the substrate 115; the oxide semiconductor layer
130 in contact with the insulating layer 120; the insulating
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layer 160 in contact with the oxide semiconductor layer 130;
the conductive layer 170 in contact with the insulating layer
160; the insulating layer 175 covering the oxide semiconduc-
tor layer 130, the insulating layer 160, and the conductive
layer 170; the insulating layer 180 in contact with the insu-
lating layer 175; and the conductive layer 140 and the con-
ductive layer 150 electrically connected to the oxide semi-
conductor layer 130 through openings provided in the
insulating layer 175 and the insulating layer 180. The tran-
sistor 103 may also include, for example, the insulating layer
190 (planarization film) in contact with the insulating layer
180, the conductive layer 140, and the conductive layer 150 as
necessary.

Here, the conductive layer 140, the conductive layer 150,
the insulating layer 160, and the conductive layer 170 can
function as a source electrode layer, a drain electrode layer, a
gate insulating film, and a gate electrode layer, respectively.

The region 231, the region 232, and the region 233 in FIG.
19B can function as a source region, a drain region, and a
channel formation region, respectively. The region 231 and
the region 232 are in contact with the insulating layer 175.
When an insulating material containing hydrogen is used for
the insulating layer 175, for example, the resistance of the
region 231 and the region 232 can be reduced.

Specifically, interaction between oxygen vacancy gener-
ated in the region 231 and the region 232 by the steps up to the
formation of the insulating layer 175 and hydrogen that dif-
fuses into the region 231 and the region 232 from the insu-
lating layer 175 changes the region 231 and the region 232 to
n-type regions with low resistance. As the insulating material
containing hydrogen, for example, a silicon nitride film, an
aluminum nitride film, or the like can be used.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 20A and 20B. FIG.
20A is a top view of a transistor 104. A cross section in the
direction of a dashed-dotted line E1-E2 in FIG. 20A is illus-
trated in FIG. 20B. A cross section in the direction of a
dashed-dotted line E3-E4 in FIG. 20A is illustrated in FIG.
23A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line E1-E2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line E3-E4 may be referred to as a channel width
direction.

The transistor 104 has the same structure as the transistor
103 except that the conductive layer 140 and the conductive
layer 150 in contact with the oxide semiconductor layer 130
cover end portions thereof.

In FIG. 20B, a region 331 and a region 334 can function as
a source region, a region 332 and a region 335 can function as
a drain region, and a region 333 can function as a channel
formation region. The resistance of the region 331 and the
region 332 can be reduced in a manner similar to that of the
region 231 and the region 232 in the transistor 101. The
resistance of the region 334 and the region 335 can be reduced
in a manner similar to that of the region 231 and the region
232 in the transistor 103. In the case where the width of the
region 334 and the region 335 in the channel length direction
is less than or equal to 100 nm, preferably less than or equal
to 50 nm, a gate electric field contributes to preventing a
significant decrease in on-state current; therefore, a reduction
in resistance of the region 334 and the region 335 as described
above is not necessarily performed.

The transistor 103 and the transistor 104 each have a self-
aligned structure not including a region where the conductive
layer 170 overlaps each of the conductive layers 140 and 150.
A transistor with a self-aligned structure, which has
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extremely small parasitic capacitance between a gate elec-
trode layer and source and drain electrode layers, is suitable
for applications that require high-speed operation.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 21A and 21B. FIG.
21A is a top view of a transistor 105. A cross section in the
direction of a dashed-dotted line F1-F2 in FIG. 21A is illus-
trated in FIG. 21B. A cross section in the direction of a
dashed-dotted line F3-F4 in FIG. 21A is illustrated in FIG.
23A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line F1-F2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line F3-F4 may be referred to as a channel width
direction.

The transistor 105 includes the insulating layer 120 in
contact with the substrate 115; the oxide semiconductor layer
130 in contact with the insulating layer 120; a conductive
layer 141 and a conductive layer 151 electrically connected to
the oxide semiconductor layer 130; the insulating layer 160 in
contact with the oxide semiconductor layer 130, the conduc-
tive layer 141, and the conductive layer 151; the conductive
layer 170 in contact with the insulating layer 160; the insu-
lating layer 175 in contact with the oxide semiconductor layer
130, the conductive layer 141, the conductive layer 151, the
insulating layer 160, and the conductive layer 170; the insu-
lating layer 180 in contact with the insulating layer 175; and
aconductive layer 142 and a conductive layer 152 electrically
connected to the conductive layer 141 and the conductive
layer 151, respectively, through openings provided in the
insulating layer 175 and the insulating layer 180. The tran-
sistor 105 may also include, for example, the insulating layer
190 (planarization film) in contact with the insulating layer
180, the conductive layer 142, and the conductive layer 152 as
necessary.

Here, the conductive layer 141 and the conductive layer
151 are in contact with the top surface of the oxide semicon-
ductor layer 130 and are not in contact with side surfaces of
the oxide semiconductor layer 130.

The transistor 105 has the same structure as the transistor
101 except that the conductive layer 141 and the conductive
layer 151 are provided and that the conductive layer 142 and
the conductive layer 152 electrically connected to the con-
ductive layer 141 and the conductive layer 151, respectively,
through the openings provided in the insulating layer 175 and
the insulating layer 180 are provided. The conductive layer
140 (the conductive layer 141 and the conductive layer 142)
can function as a source electrode layer, and the conductive
layer 150 (the conductive layer 151 and the conductive layer
152) can function as a drain electrode layer.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 22A and 22B. FIG.
22A is a top view of a transistor 106. A cross section in the
direction of a dashed-dotted line G1-G2 in FIG. 22A is illus-
trated in FIG. 22B. A cross section in the direction of a
dashed-dotted line G3-G4 in FIG. 22A is illustrated in FIG.
23A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line G1-G2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line G3-G4 may be referred to as a channel width
direction.

The transistor 106 includes the insulating layer 120 in
contact with the substrate 115; the oxide semiconductor layer
130 in contact with the insulating layer 120; the conductive
layer 141 and the conductive layer 151 electrically connected
to the oxide semiconductor layer 130; the insulating layer 160
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in contact with the oxide semiconductor layer 130; the con-
ductive layer 170 in contact with the insulating layer 160; the
insulating layer 175 in contact with the insulating layer 120,
the oxide semiconductor layer 130, the conductive layer 141,
the conductive layer 151, the insulating layer 160, and the
conductive layer 170; the insulating layer 180 in contact with
the insulating layer 175; and the conductive layer 142 and the
conductive layer 152 electrically connected to the conductive
layer 141 and the conductive layer 151, respectively, through
openings provided in the insulating layer 175 and the insu-
lating layer 180. The transistor 106 may also include, for
example, the insulating layer 190 (planarization film) in con-
tact with the insulating layer 180, the conductive layer 142,
and the conductive layer 152 as necessary.

Here, the conductive layer 141 and the conductive layer
151 are in contact with the top surface of the oxide semicon-
ductor layer 130 and are not in contact with side surfaces of
the oxide semiconductor layer 130.

The transistor 106 has the same structure as the transistor
103 except that the conductive layer 141 and the conductive
layer 151 are provided. The conductive layer 140 (the con-
ductive layer 141 and the conductive layer 142) can function
as a source electrode layer, and the conductive layer 150 (the
conductive layer 151 and the conductive layer 152) can func-
tion as a drain electrode layer.

In the structures of the transistor 105 and the transistor 106,
the conductive layer 140 and the conductive layer 150 are not
in contact with the insulating layer 120. These structures
make the insulating layer 120 less likely to be deprived of
oxygen by the conductive layer 140 and the conductive layer
150 and facilitate oxygen supply from the insulating layer 120
to the oxide semiconductor layer 130.

Note that an impurity for forming oxygen vacancy to
increase conductivity may be added to the region 231 and the
region 232 in the transistor 103 and the region 334 and the
region 335 in the transistor 104 and the transistor 106. As an
impurity for forming oxygen vacancy in an oxide semicon-
ductor layer, for example, one or more of the following can be
used: phosphorus, arsenic, antimony, boron, aluminum, sili-
con, nitrogen, helium, neon, argon, krypton, xenon, indium,
fluorine, chlorine, titanium, zinc, and carbon. As a method for
adding the impurity, plasma treatment, an ion implantation
method, an ion doping method, a plasma immersion ion
implantation method, or the like can be used.

When the above element is added as an impurity element to
the oxide semiconductor layer, a bond between a metal ele-
ment and oxygen in the oxide semiconductor layer is cut,
whereby oxygen vacancy is formed. Interaction between oxy-
gen vacancy in the oxide semiconductor layer and hydrogen
that remains in the oxide semiconductor layer or is added to
the oxide semiconductor layer in a later step can increase the
conductivity of the oxide semiconductor layer.

When hydrogen is added to an oxide semiconductor in
which oxygen vacancy is formed by addition of an impurity
element, hydrogen enters an oxygen vacant site and forms a
donor level in the vicinity of the conduction band. Conse-
quently, an oxide conductor can be formed. Here, an oxide
conductor refers to an oxide semiconductor having become a
conductor.

The oxide conductor is a degenerate semiconductor and it
is suggested that the conduction band edge equals to or sub-
stantially equals to the Fermi level. For that reason, an ohmic
contact is made between an oxide conductor layer and con-
ductive layers functioning as a source electrode layer and a
drain electrode layer; thus, contact resistance between the
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oxide conductor layer and the conductive layers functioning
as a source electrode layer and a drain electrode layer can be
reduced.

The transistor of one embodiment of the present invention
may include a conductive layer 173 between the oxide semi-
conductor layer 130 and the substrate 115 as illustrated in the
cross-sectional views in the channel length direction in FIGS.
24A to 24C and FIGS. 25A to 25C and the cross-sectional
views in the channel width direction in FIGS. 26A and 26B.
When the conductive layer is used as a second gate electrode
layer (back gate), the on-state current can be further increased
or the threshold voltage can be controlled. In the cross-sec-
tional views in FIGS. 24A to 24C and FIGS. 25A to 25C, the
width of the conductive layer 173 may be shorter than that of
the oxide semiconductor layer 130. Moreover, the width of
the conductive layer 173 may be shorter than that of the
conductive layer 170.

In order to increase the on-state current, for example, the
conductive layer 170 and the conductive layer 173 are set to
have the same potential, and the transistor is driven as a
double-gate transistor. Further, to control the threshold volt-
age, a fixed potential, which is different from a potential of the
conductive layer 170, is supplied to the conductive layer 173.
To set the conductive layer 170 and the conductive layer 173
at the same potential, for example, as shown in FIG. 26B, the
conductive layer 170 and the conductive layer 173 may be
electrically connected to each other through a contact hole.

The transistors 101 to 106 shown in FIGS. 17A and 17B,
FIGS. 18A and 18B, FIGS. 19A and 19B, FIGS. 20A and
20B, FIGS. 21A and 21B, and FIGS. 22A and 22B are
examples in which the oxide semiconductor layer 130 is a
single layer; alternatively, the oxide semiconductor layer 130
may be a stacked layer. The oxide semiconductor layer 130 in
the transistors 101 to 106 can be replaced with the oxide
semiconductor layer 130 shown in FIGS. 27A to 27C or
FIGS. 28A to 28C.

FIGS. 27A to0 27C are a top view and cross-sectional views
of the oxide semiconductor layer 130 with a two-layer struc-
ture. FIG. 27A is the top view. FIG. 27B illustrates a cross
section in the direction of'a dashed-dotted line A1-A2 in FIG.
27A.FIG. 27C illustrates a cross section in the direction of a
dashed-dotted line A3-A4 in FIG. 27A. In the drawings, some
components are enlarged, reduced in size, or omitted for easy
understanding.

FIGS. 28A to 28C are a top view and cross-sectional views
of'the oxide semiconductor layer 130 with a three-layer struc-
ture. FIG. 28A is the top view. FIG. 28B illustrates a cross
section in the direction of'a dashed-dotted line A1-A2 in FIG.
28A. FIG. 28C illustrates a cross section in the direction of a
dashed-dotted line A3-A4 in FIG. 28A. In the drawings, some
components are enlarged, reduced in size, or omitted for easy
understanding.

Oxide semiconductor layers with different compositions,
for example, can be used as an oxide semiconductor layer
130a, an oxide semiconductor layer 1305, and an oxide semi-
conductor layer 130c.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 29A and 29B. FIG.
29A is a top view of a transistor 107. A cross section in the
direction of a dashed-dotted line H1-H2 in FIG. 29A is illus-
trated in FIG. 29B. A cross section in the direction of a
dashed-dotted line H3-H4 in FIG. 29A is illustrated in FIG.
35A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line H1-H2 may be referred to as a
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channel length direction, and the direction of the dashed-
dotted line H3-H4 may be referred to as a channel width
direction.

The transistor 107 includes the insulating layer 120 in
contact with the substrate 115; a stack of the oxide semicon-
ductor layer 130a and the oxide semiconductor layer 1305, in
contact with the insulating layer 120; the conductive layer
140 and the conductive layer 150 electrically connected to the
stack; the oxide semiconductor layer 130c in contact with the
stack, the conductive layer 140, and the conductive layer 150;
the insulating layer 160 in contact with the oxide semicon-
ductor layer 130c¢; the conductive layer 170 in contact with
the insulating layer 160; the insulating layer 175 in contact
with the conductive layer 140, the conductive layer 150, the
oxide semiconductor layer 130c, the insulating layer 160, and
the conductive layer 170; and the insulating layer 180 in
contact with the insulating layer 175. The transistor 107 may
also include, for example, the insulating layer 190 (planariza-
tion film) in contact with the insulating layer 180 as neces-
sary.

The transistor 107 has the same structure as the transistor
101 except that the oxide semiconductor layer 130 includes
two layers (the oxide semiconductor layer 130a and the oxide
semiconductor layer 1305) in the region 231 and the region
232, that the oxide semiconductor layer 130 includes three
layers (the oxide semiconductor layer 130aq, the oxide semi-
conductor layer 1305, and the oxide semiconductor layer
130¢) in the region 233, and that part of the oxide semicon-
ductor layer (the oxide semiconductor layer 130c¢) exists
between the insulating layer 160 and the conductive layers
140 and 150.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 30A and 30B. FIG.
30A is a top view of a transistor 108. A cross section in the
direction of a dashed-dotted line I1-12 in FIG. 30A is illus-
trated in FIG. 30B. A cross section in the direction of a
dashed-dotted line 13-14 in FIG. 30A is illustrated in FIG.
35B. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line I1-12 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line 13-14 may be referred to as a channel width direc-
tion.

The transistor 108 is different from the transistor 107 in
that end portions of the insulating layer 160 and the oxide
semiconductor layer 130c¢ are not aligned with the end portion
of'the conductive layer 170.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 31A and 31B. FIG.
31A is a top view of a transistor 109. A cross section in the
direction of a dashed-dotted line J1-J2 in FIG. 31A is illus-
trated in FIG. 31B. A cross section in the direction of a
dashed-dotted line J3-J4 in FIG. 31A is illustrated in FIG.
35A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line J1-J2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line J3-J4 may be referred to as a channel width direc-
tion.

The transistor 109 includes the insulating layer 120 in
contact with the substrate 115; a stack of the oxide semicon-
ductor layer 130a and the oxide semiconductor layer 1305, in
contact with the insulating layer 120; the oxide semiconduc-
tor layer 130c in contact with the stack; the insulating layer
160 in contact with the oxide semiconductor layer 130c¢; the
conductive layer 170 in contact with the insulating layer 160;
the insulating layer 175 covering the stack, the oxide semi-
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conductor layer 130c, the insulating layer 160, and the con-
ductive layer 170; the insulating layer 180 in contact with the
insulating layer 175; and the conductive layer 140 and the
conductive layer 150 electrically connected to the stack
through openings provided in the insulating layer 175 and the
insulating layer 180. The transistor 109 may also include, for
example, the insulating layer 190 (planarization film) in con-
tact with the insulating layer 180, the conductive layer 140,
and the conductive layer 150 as necessary.

The transistor 109 has the same structure as the transistor
103 except that the oxide semiconductor layer 130 includes
two layers (the oxide semiconductor layer 130 and the oxide
semiconductor layer 1305) in the region 231 and the region
232 and that the oxide semiconductor layer 130 includes three
layers (the oxide semiconductor layer 130aq, the oxide semi-
conductor layer 1305, and the oxide semiconductor layer
130¢) in the region 233.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 32A and 32B. FIG.
32A is a top view of a transistor 110. A cross section in the
direction of a dashed-dotted line K1-K2 in FIG. 32A is illus-
trated in FIG. 32B. A cross section in the direction of a
dashed-dotted line K3-K4 in FIG. 32A is illustrated in FIG.
35A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line K1-K2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line K3-K4 may be referred to as a channel width
direction.

The transistor 110 has the same structure as the transistor
104 except that the oxide semiconductor layer 130 includes
two layers (the oxide semiconductor layer 130 and the oxide
semiconductor layer 1305) in the region 231 and the region
232 and that the oxide semiconductor layer 130 includes three
layers (the oxide semiconductor layer 130aq, the oxide semi-
conductor layer 1305, and the oxide semiconductor layer
130¢) in the region 233.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 33 A and 33B. FIG.
33A is a top view of a transistor 111. A cross section in the
direction of a dashed-dotted line L1-L2 in FIG. 33A is illus-
trated in FIG. 33B. A cross section in the direction of a
dashed-dotted line L.3-L4 in FIG. 33A is illustrated in FIG.
35A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line [.1-1.2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line [.3-1.4 may be referred to as a channel width
direction.

The transistor 111 includes the insulating layer 120 in
contact with the substrate 115; a stack of the oxide semicon-
ductor layer 130a and the oxide semiconductor layer 1305, in
contact with the insulating layer 120; the conductive layer
141 and the conductive layer 151 electrically connected to the
stack; the oxide semiconductor layer 130c in contact with the
stack, the conductive layer 141, and the conductive layer 151;
the insulating layer 160 in contact with the oxide semicon-
ductor layer 130c¢; the conductive layer 170 in contact with
the insulating layer 160; the insulating layer 175 in contact
with the stack, the conductive layer 141, the conductive layer
151, the oxide semiconductor layer 130c, the insulating layer
160, and the conductive layer 170; the insulating layer 180 in
contact with the insulating layer 175; and the conductive layer
142 and the conductive layer 152 electrically connected to the
conductive layer 141 and the conductive layer 151, respec-
tively, through openings provided in the insulating layer 175
and the insulating layer 180. The transistor 111 may also
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include, for example, the insulating layer 190 (planarization
film) in contact with the insulating layer 180, the conductive
layer 142, and the conductive layer 152 as necessary.

The transistor 111 has the same structure as the transistor
105 except that the oxide semiconductor layer 130 includes
two layers (the oxide semiconductor layer 130a and the oxide
semiconductor layer 1305) in the region 231 and the region
232, that the oxide semiconductor layer 130 includes three
layers (the oxide semiconductor layer 130aq, the oxide semi-
conductor layer 1305, and the oxide semiconductor layer
130¢) in the region 233, and that part of the oxide semicon-
ductor layer (the oxide semiconductor layer 130c¢) exists
between the insulating layer 160 and the conductive layers
141 and 151.

The transistor of one embodiment of the present invention
may have a structure illustrated in FIGS. 34A and 34B. FIG.
34A is a top view of a transistor 112. A cross section in the
direction of a dashed-dotted line M1-M2 in FIG. 34A is
illustrated in FIG. 34B. A cross section in the direction of a
dashed-dotted line M3-M4 in FIG. 34A is illustrated in FIG.
35A. In the drawings, some components are enlarged,
reduced in size, or omitted for easy understanding. The direc-
tion of the dashed-dotted line M1-M2 may be referred to as a
channel length direction, and the direction of the dashed-
dotted line M3-M4 may be referred to as a channel width
direction.

The transistor 112 has the same structure as the transistor
106 except that the oxide semiconductor layer 130 includes
two layers (the oxide semiconductor layer 130a and the oxide
semiconductor layer 1305) in the region 331, the region 332,
the region 334, and the region 335 and that the oxide semi-
conductor layer 130 includes three layers (the oxide semicon-
ductor layer 130q, the oxide semiconductor layer 1305, and
the oxide semiconductor layer 130c¢) in the region 333.

The transistor of one embodiment of the present invention
may include the conductive layer 173 between the oxide
semiconductor layer 130 and the substrate 115 as illustrated
in the cross-sectional views in the channel length direction in
FIGS. 36A to 36C and FIGS. 37A to 37C and the cross-
sectional views in the channel width direction in FIGS. 38A
and 38B. When the conductive layer is used as a second gate
electrode layer (back gate), the on-state current can be further
increased or the threshold voltage can be controlled. In the
cross-sectional views in FIGS. 36A to 36C and FIGS. 37A to
37C, the width of the conductive layer 173 may be shorter
than that of the oxide semiconductor layer 130. Moreover, the
width of the conductive layer 173 may be shorter than that of
the conductive layer 170.

Furthermore, as shown in the top views in FIGS. 39A and
39B (showing only the oxide semiconductor layer 130, the
conductive layer 140, and the conductive layer 150), the
width (W) of the conductive layer 140 (source electrode
layer) and the conductive layer 150 (drain electrode layer) in
the transistor of one embodiment of the present invention may
be either longer than or shorter than the width (W ) of the
oxide semiconductor layer 130. When W =W, (W, is
less than or equal to W ;) is satisfied, a gate electric field is
easily applied to the entire oxide semiconductor layer 130, so
that electrical characteristics of the transistor can be
improved.

In the transistor of one embodiment of the present inven-
tion (any of the transistors 101 to 112), the conductive layer
170 functioning as a gate electrode layer electrically sur-
rounds the oxide semiconductor layer 130 in the channel
width direction with the insulating layer 160 functioning as a
gate insulating film positioned therebetween. This structure
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increases the on-state current. Such a transistor structure is
referred to as a surrounded channel (s-channel) structure.

In the transistor including the oxide semiconductor layer
1304 and the oxide semiconductor layer 130c¢ and the tran-
sistor including the oxide semiconductor layer 130q, the
oxide semiconductor layer 1305, and the oxide semiconduc-
tor layer 130c, selecting appropriate materials for the two or
three layers forming the oxide semiconductor layer 130
allows current to flow in the oxide semiconductor layer 1305.
Since current flows in the oxide semiconductor layer 1305,
the current is hardly influenced by interface scattering, lead-
ing to a high on-state current. Note that increasing the thick-
ness of the oxide semiconductor layer 1304 can increase the
on-state current. The thickness of the oxide semiconductor
layer 1305 may be, for example, 100 nm to 200 nm.

A semiconductor device using a transistor with any of the
above structures can have favorable electrical characteristics.

Note that in this specification, the channel length refers to,
for example, a distance between a source (a source region or
a source electrode) and a drain (a drain region or a drain
electrode) in a region where a semiconductor (or a portion
where a current flows in a semiconductor when a transistor is
on) and a gate electrode overlap each other or a region where
a channel is formed in a top view of the transistor. In one
transistor, channel lengths in all regions are not necessarily
the same. In other words, the channel length of one transistor
is not limited to one value in some cases. Therefore, in this
specification, the channel length is any one of values, the
maximum value, the minimum value, or the average value in
a region where a channel is formed.

The channel width refers to, for example, the length of a
portion where a source and a drain face each other in a region
where a semiconductor (or a portion where a current flows in
a semiconductor when a transistor is on) and a gate electrode
overlap each other, or a region where a channel is formed. In
one transistor, channel widths in all regions do not necessarily
have the same value. In other words, a channel width of one
transistor is not fixed to one value in some cases. Therefore, in
this specification, a channel width is any one of values, the
maximum value, the minimum value, or the average value in
a region where a channel is formed.

Note that depending on transistor structures, a channel
width in a region where a channel is formed actually (here-
inafter referred to as an effective channel width) is different
from a channel width shown in a top view of a transistor
(hereinafter referred to as an apparent channel width) in some
cases. Forexample, in a transistor having a three-dimensional
structure, an effective channel width is greater than an appar-
ent channel width shown in a top view of the transistor, and its
influence cannot be ignored in some cases. For example, in a
miniaturized transistor having a three-dimensional structure,
the proportion of a channel region formed in a side surface of
a semiconductor is higher than the proportion of a channel
region formed in a top surface of a semiconductor in some
cases. In that case, an effective channel width obtained when
a channel is actually formed is greater than an apparent chan-
nel width shown in the top view.

In a transistor having a three-dimensional structure, an
effective channel width is difficult to measure in some cases.
For example, to estimate an effective channel width from a
design value, it is necessary to assume that the shape of a
semiconductor is known as an assumption condition. There-
fore, in the case where the shape of a semiconductor is not
known accurately, it is difficult to measure an effective chan-
nel width accurately.

Therefore, in this specification, in a top view of a transistor,
an apparent channel width that is a length of a portion where
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a source and a drain face each other in a region where a
semiconductor and a gate electrode overlap each other is
referred to as a surrounded channel width (SCW) in some
cases. Further, in this specification, in the case where the term
“channel width” is simply used, it may denote a surrounded
channel width and an apparent channel width. Alternatively,
in this specification, in the case where the term “channel
width” is simply used, it may denote an effective channel
width in some cases. Note that the values of a channel length,
a channel width, an effective channel width, an apparent
channel width, a surrounded channel width, and the like can
be determined by obtaining and analyzing a cross-sectional
TEM image and the like.

Note that in the case where electric field mobility, a current
value per channel width, and the like of a transistor are
obtained by calculation, a surrounded channel width may be
used for the calculation. In that case, a value different from
one in the case where an effective channel width is used for
the calculation is obtained in some cases.

This embodiment can be combined as appropriate with any
of the other embodiments in this specification.

Embodiment 6

In this embodiment, components of the transistors
described in Embodiment 5 are described in detail.

The substrate 115 includes a silicon substrate provided
with a transistor and a photodiode; and an insulating layer, a
wiring, and a contact plug which are provided over the silicon
substrate. The substrate 115 corresponds to the first layer
1100 and the second layer 1200 in FIG. 1A. Note that only
p-channel transistors are formed using the silicon substrate;
accordingly, a silicon substrate with n™-type conductivity is
preferably used. It is also possible to use an SOI substrate
including an n™-type or i-type silicon layer. A surface of the
silicon substrate where the transistor is formed preferably has
a(110) plane orientation. Forming a p-channel transistor with
the (110) plane can increase the mobility.

The insulating layer 120 can have a function of supplying
oxygen to the oxide semiconductor layer 130 as well as a
function of preventing diffusion of impurities from the sub-
strate 115. For this reason, the insulating layer 120 is prefer-
ably an insulating film containing oxygen and further prefer-
ably, the insulating layer 120 is an insulating film containing
oxygen in excess of that that in the stoichiometric composi-
tion. For example, the insulating film 120 is preferably a film
in which the amount of released oxygen when converted into
oxygen atoms is 1.0x10'® atoms/cm® or more in thermal des-
orption spectroscopy (TDS) analysis performed such that the
surface temperature is higher than or equal to 100° C. and
lower than or equal to 700° C., preferably higher than or equal
to 100° C. and lower than or equal to 500° C. In the case where
the substrate 115 is provided with another device, the insu-
lating layer 120 also has a function as an interlayer insulating
film. In that case, the insulating film 120 is preferably sub-
jected to planarization treatment such as chemical mechani-
cal polishing (CMP) treatment so as to have a flat surface.

For example, the insulating layer 120 can be formed using
an oxide insulating film including aluminum oxide, magne-
sium oxide, silicon oxide, silicon oxynitride, gallium oxide,
germanium oxide, yttrium oxide, zirconium oxide, lantha-
num oxide, neodymium oxide, hafnium oxide, tantalum
oxide, and the like, a nitride insulating film including silicon
nitride, silicon nitride oxide, aluminum nitride, aluminum
nitride oxide, or the like, or a mixed material of any of these.
The insulating layer 120 may be a stack of any of the above
materials.
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Inthis embodiment, detailed description is given mainly on
the case where the oxide semiconductor layer 130 of the
transistor has a three-layer structure in which the oxide semi-
conductor layer 130a, the oxide semiconductor layer 1305,
and the oxide semiconductor layer 130c¢ are stacked in this
order from the insulating layer 120 side.

Note that in the case where the oxide semiconductor layer
130 is a single layer, a layer corresponding to the oxide
semiconductor layer 1305 is used.

In the case where the oxide semiconductor layer 130 has a
two-layer structure, a stack in which a layer corresponding to
the oxide semiconductor layer 1305 and a layer correspond-
ing to the oxide semiconductor layer 130c are stacked in this
order from the insulating layer 120 side is used. In such a case,
the oxide semiconductor layer 13056 and the oxide semicon-
ductor layer 130c can be replaced with each other.

In the case where the oxide semiconductor layer 130 has a
stacked-layer structure of four or more layers, for example, a
structure in which another oxide semiconductor layer is
stacked over the three-layer stack of the oxide semiconductor
layer 130 described in this embodiment or a structure in
which another oxide semiconductor layer is inserted in any
one of the interfaces in the three-layer stack can be employed.

For the oxide semiconductor layer 1305, for example, an
oxide semiconductor whose electron affinity (an energy dif-
ference between a vacuum level and the conduction band
minimum) is higher than those of the oxide semiconductor
layer 130a and the oxide semiconductor layer 130c is used.
The electron affinity can be obtained by subtracting an energy
difference between the conduction band minimum and the
valence band maximum (an energy gap) from an energy dif-
ference between the vacuum level and the valence band maxi-
mum (an ionization potential).

The oxide semiconductor layer 130a and the oxide semi-
conductor layer 130c each contain one or more kinds of metal
elements contained in the oxide semiconductor layer 1305.
For example, the oxide semiconductor layer 130a and the
oxide semiconductor layer 130c are preferably formed using
an oxide semiconductor whose conduction band minimum is
closer to a vacuum level than that of the oxide semiconductor
layer 1305 by 0.05 eV or more, 0.07 eV or more, 0.1 eV or
more, or0.15eVormoreand2 eV orless, 1 eV orless,0.5eV
or less, or 0.4 eV or less.

In such a structure, when an electric field is applied to the
conductive layer 170, a channel is formed in the oxide semi-
conductor layer 1305 whose conduction band minimum is the
lowest in the oxide semiconductor layer 130.

Further, since the oxide semiconductor layer 130a contains
one or more kinds of metal elements contained in the oxide
semiconductor layer 1305, an interface state is unlikely to be
formed at the interface between the oxide semiconductor
layer 1305 and the oxide semiconductor layer 130a, com-
pared with the interface between the oxide semiconductor
layer 13056 and the insulating layer 120 on the assumption that
the oxide semiconductor layer 1305 is in contact with the
insulating layer 120. The interface state sometimes forms a
channel; therefore, the threshold voltage of the transistor is
changed in some cases. Thus, with the oxide semiconductor
layer 130a, fluctuations in electrical characteristics of the
transistor, such as a threshold voltage, can be reduced. Fur-
ther, the reliability of the transistor can be improved.

Furthermore, since the oxide semiconductor layer 130¢
contains one or more kinds of metal elements contained in the
oxide semiconductor layer 1305, scattering of carriers is
unlikely to occur at the interface between the oxide semicon-
ductor layer 1305 and the oxide semiconductor layer 130c,
compared with the interface between the oxide semiconduc-

10

15

20

25

30

35

40

45

50

55

60

65

32

tor layer 13056 and the gate insulating film (insulating layer
160) on the assumption that the oxide semiconductor layer
13054 is in contact with the gate insulating film. Thus, with the
oxide semiconductor layer 130c, the field-effect mobility of
the transistor can be increased.

For the oxide semiconductor layer 130a and the oxide
semiconductor layer 130c¢, for example, a material containing
Al Ti, Ga, Ge, Y, Zr, Sn, La, Ce, or Hf with a higher atomic
ratio than that used for the oxide semiconductor layer 1305
can be used. Specifically, an atomic ratio of any of the above
metal elements in the oxide semiconductor layer 130a and the
oxide semiconductor layer 130c is 1.5 times or more, prefer-
ably 2 times or more, further preferably 3 times or more as
much as that in the oxide semiconductor layer 1305. Any of
the above metal elements is strongly bonded to oxygen and
thus has a function of suppressing generation of oxygen
vacancy in the oxide semiconductor layer 130a and the oxide
semiconductor layer 130c¢. That is, oxygen vacancy is less
likely to be generated in the oxide semiconductor layer 130a
and the oxide semiconductor layer 130c¢ than in the oxide
semiconductor layer 1305.

An oxide semiconductor that can be used for each of the
oxide semiconductor layers 130a, 1305, and 130c¢ preferably
contains at least indium (In) or zinc (Zn). Both In and Zn are
preferably contained. In order to reduce fluctuations in elec-
trical characteristics of the transistor including the oxide
semiconductor, the oxide semiconductor preferably contains
a stabilizer in addition to In and Zn.

As a stabilizer, gallium (Ga), tin (Sn), hafhium (Hf), alu-
minum (Al), zirconium (Zr), and the like can be given. As
another stabilizer, lanthanoid such as lanthanum (La), cerium
(Ce), praseodymium (Pr), neodymium (Nd), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium
(Yb), or lutetium (Lu) can be given.

As the oxide semiconductor, for example, any of the fol-
lowing can be used: indium oxide, tin oxide, gallium oxide,
zinc oxide, an In—Zn oxide, a Sn—Z7n oxide, an Al-—Z7n
oxide, a Zn—Mg oxide, a Sn—Mg oxide, an In—Mg oxide,
an In—Ga oxide, an In—Ga—Z7n oxide, an In—Al—Z7n
oxide, an In—Sn—Z7n oxide, a Sn—Ga—Z7Zn oxide, an
Al—Ga—Z7n oxide, a Sn—Al—Zn oxide, an In—Hf—Zn
oxide, an In—La—Z7n oxide, an In—Ce—Z7n oxide, an
In—Pr—Z7n oxide, an In—Nd—Z7n oxide, an In—Sm—Z7n
oxide, an In—FEu—Z7n oxide, an In—Gd—Zn oxide, an
In—Tb—Z7n oxide, an In—Dy—Z7n oxide, an In—Ho—Z7n
oxide, an In—FEr—Zn oxide, an In—Tm—Z7n oxide, an
In—Yb—Z7n oxide, an In—Lu—Zn oxide, an In—Sn—
Ga—Zn oxide, an In—Hf—Ga—Zn oxide, an In—Al—
Ga—Znoxide, anIn—Sn—Al—Zn oxide, an In—Sn—Hf—
Zn oxide, and an In—Hf—Al—Zn oxide.

For example, “In—Ga—Z7n oxide” means an oxide con-
taining In, Ga, and Zn as its main components. The In—Ga—
Zn oxide may contain another metal element in addition to In,
Ga, and Zn. Note that in this specification, a film containing
the In—Ga—Zn oxide is also referred to as an IGZO film.

A material represented by InMO;(Zn0O),, (m>0 is satisfied,
and m is not an integer) may be used. Note that M represents
one or more metal elements selected from Ga, Y, Zr, La, Ce,
and Nd. Alternatively, a material represented by In,SnO
(Zn0),, (n>0, n is an integer) may be used.

Note that when each of the oxide semiconductor layer
130a, the oxide semiconductor layer 1305, and the oxide
semiconductor layer 130c¢ is an In-M-Zn oxide containing at
least indium, zinc, and M (M is a metal such as Al, Ti, Ga, Ge,
Y, Zr, Sn, La, Ce, or Hf), and when the oxide semiconductor
layer 130a has an atomic ratio of In to M and Zn which is
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X,:y,:Z;, the oxide semiconductor layer 1305 has an atomic
ratio of In to M and Zn which is x,:y,:Z,, and the oxide
semiconductor layer 130¢ has an atomic ratio of In to M and
Zn which is x5:y5:Z3, each of y,/x; and y;/x; is preferably
larger thany,/x,. Each of y, /%, and y;/x; is 1.5 times or more,
preferably 2 times or more, further preferably 3 times or more
as large as y,/X,. At this time, when y, is greater than or equal
10 X, in the oxide semiconductor layer 1305, the transistor can
have stable electrical characteristics. However, when y, is 3
times or more as large as X,, the field-effect mobility of the
transistor is reduced; accordingly, y, is preferably smaller
than 3 times Xx,.

Inthe case where Zn and O are not taken into consideration,
the proportion of In and the proportion of M in each of the
oxide semiconductor layer 130a and the oxide semiconductor
layer 130c are preferably less than 50 atomic % and greater
than or equal to 50 atomic %, respectively, further preferably
less than 25 atomic % and greater than or equal to 75 atomic
%, respectively. In the case where Zn and O are not taken into
consideration, the proportion of In and the proportion of M in
the oxide semiconductor layer 1306 are preferably greater
than or equal to 25 atomic % and less than 75 atomic %,
respectively, further preferably greater than or equal to 34
atomic % and less than 66 atomic %, respectively.

The indium content in the oxide semiconductor layer 1305
is preferably higher than those in the oxide semiconductor
layers 130a and 130c. In an oxide semiconductor, the s orbital
of heavy metal mainly contributes to carrier transfer, and
when the proportion of In in the oxide semiconductor is
increased, overlap of the s orbitals is likely to be increased.
Therefore, an oxide having a composition in which the pro-
portion of In is higher than that of M has higher mobility than
an oxide having a composition in which the proportion of In
is equal to or lower than that of M. Thus, with the use of an
oxide having a high content of indium for the oxide semicon-
ductor layer 1305, a transistor having high field-effect mobil-
ity can be obtained.

The thickness of the oxide semiconductor layer 130q is
greater than or equal to 3 nm and less than or equal to 100 nm,
preferably greater than or equal to 5 nm and less than or equal
to 50 nm, further preferably greater than or equal to 5 nm and
less than or equal to 25 nm. The thickness of the oxide
semiconductor layer 1305 is greater than or equal to 3 nm and
less than or equal to 200 nm, preferably greater than or equal
to 10 nm and less than or equal to 150 nm, further preferably
greater than or equal to 15 nm and less than or equal to 100
nm. The thickness of the oxide semiconductor layer 130c¢ is
greater than or equal to 1 nm and less than or equal to 50 nm,
preferably greater than or equal to 2 nm and less than or equal
to 30 nm, further preferably greater than or equal to 3 nm and
less than or equal to 15 nm. In addition, the oxide semicon-
ductor layer 13056 is preferably thicker than the oxide semi-
conductor layer 130a and the oxide semiconductor layer
130c.

Note that in order that a transistor in which an oxide semi-
conductor layer serves as a channel have stable electrical
characteristics, it is effective to reduce the concentration of
impurities in the oxide semiconductor layer to make the oxide
semiconductor layer intrinsic (i-type) or substantially intrin-
sic. The term “substantially intrinsic” refers to the state where
an oxide semiconductor layer has a carrier density lower than
8x10'/cm?, preferably lower than 1x10'!/cm?, further pref-
erably lower than 1x10'°/cm?, and is higher than or equal to
1x10™%/cm®.

In the oxide semiconductor layer, hydrogen, nitrogen, car-
bon, silicon, and a metal element other than main components
of'the oxide semiconductor layer are impurities. For example,
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hydrogen and nitrogen form donor levels to increase the car-
rier density. In addition, silicon in the oxide semiconductor
layer forms an impurity level. The impurity level serves as a
trap and might cause deterioration of electrical characteristics
of the transistor. Accordingly, in the oxide semiconductor
layer 130a, the oxide semiconductor layer 1305, and the
oxide semiconductor layer 130c¢ and at interfaces between
these layers, the impurity concentration is preferably
reduced.

In order to make the oxide semiconductor layer intrinsic or
substantially intrinsic, in secondary ion mass spectrometry
(SIMS), for example, the concentration of silicon at a certain
depth of the oxide semiconductor layer or in a region of the
oxide semiconductor layer is lower than 1x10*° atoms/cm?,
preferably lower than 5x10'® atoms/cm?>, further preferably
lower than 1x10'® atoms/cm>. Further, the concentration of
hydrogen at a certain depth of the oxide semiconductor layer
or in a region of the oxide semiconductor layer is lower than
or equal to 2x10?° atoms/cm?>, preferably lower than or equal
to 5%x10'° atoms/cm®, further preferably lower than or equal
to 1x10"° atoms/cm?, still further preferably lower than or
equal to 5x10'® atoms/cm?®. Further, the concentration of
nitrogen at a certain depth of the oxide semiconductor layer or
in a region of the oxide semiconductor layer is lower than
5x10* atoms/cm?, preferably lower than or equal to 5x10'®
atoms/cm®, further preferably lower than or equal to 1x10"®
atoms/cm?, still further preferably lower than or equal to
5x10'7 atoms/cm”.

In the case where the oxide semiconductor layer includes
crystals, high concentration of silicon or carbon might reduce
the crystallinity ofthe oxide semiconductor layer. In order not
to lower the crystallinity of the oxide semiconductor layer, for
example, the concentration of silicon at a certain depth of the
oxide semiconductor layer or in a region of the oxide semi-
conductor layer may be lower than 1x10'° atoms/cm®, pref-
erably lower than 5x10"® atoms/cm?, further preferably lower
than 1x10'® atoms/cm?. Further, the concentration of carbon
at a certain depth of the oxide semiconductor layer or in a
region of the oxide semiconductor layer may be lower than
1x10* atoms/cm?, preferably lower than 5x10"® atoms/cm?,
further preferably lower than 1x10'® atoms/cm?>, for example.

A transistor in which a highly purified oxide semiconduc-
tor film is used for a channel formation region as described
above has an extremely low off-state current. For example, in
the case where the voltage between the source and the drain is
set to approximately 0.1V, 5V, or 10V, the off-state current
standardized on the channel width of the transistor can be as
low as several yoctoamperes per micrometer to several zep-
toamperes per micrometer.

Note that as the gate insulating film of the transistor, an
insulating film containing silicon is used in many cases; thus,
it is preferable that, as in the transistor of one embodiment of
the present invention, a region of the oxide semiconductor
layer, which serves as a channel, not be in contact with the
gate insulating film for the above-described reason. In the
case where a channel is formed at the interface between the
gate insulating film and the oxide semiconductor layer, scat-
tering of carriers occurs at the interface, whereby the field-
effect mobility of the transistor is reduced in some cases. Also
from the view of the above, it is preferable that the region of
the oxide semiconductor layer, which serves as a channel, be
separated from the gate insulating film.

Accordingly, with the oxide semiconductor layer 130 hav-
ing a stacked-layer structure including the oxide semiconduc-
tor layer 130a, the oxide semiconductor layer 1305, and the
oxide semiconductor layer 130c, a channel can be formed in
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the oxide semiconductor layer 1306; thus, the transistor can
have a high field-effect mobility and stable electrical charac-
teristics.

In a band structure, the conduction band minimums of the
oxide semiconductor layer 130qa, the oxide semiconductor
layer 1304, and the oxide semiconductor layer 130¢ are con-
tinuous. This can be understood also from the fact that the
compositions of the oxide semiconductor layer 130a, the
oxide semiconductor layer 1305, and the oxide semiconduc-
tor layer 130c are close to one another and oxygen is easily
diffused among the oxide semiconductor layer 130a, the
oxide semiconductor layer 1305, and the oxide semiconduc-
tor layer 130c. Thus, the oxide semiconductor layer 130a, the
oxide semiconductor layer 1305, and the oxide semiconduc-
tor layer 130¢ have a continuous physical property although
they have different compositions and form a stack. In the
drawings, interfaces between the oxide semiconductor layers
of the stack are indicated by dotted lines.

The oxide semiconductor layer 130 in which layers con-
taining the same main components are stacked is formed to
have not only a simple stacked-layer structure of the layers
but also a continuous energy band (particularly, a well struc-
ture having a U shape in which the conduction band mini-
mums are continuous (U-shape well)). In other words, the
stacked-layer structure is formed such that there exists no
impurity that forms a defect level such as a trap center or a
recombination center at each interface. If impurities exist
between the stacked oxide semiconductor layers, the conti-
nuity of'the energy band is lost and carriers disappear by atrap
or recombination at the interface.

For example, an atomic ratio of In to Ga and Zn of 1:3:2,
1:3:3, 1:3:4, 1:3:6, 1:4:5, 1:6:4, and 1:9:6 can be used for an
In—Ga—7n oxide of the oxide semiconductor layer 130a
and the oxide semiconductor layer 130¢, and an In—Ga—Z7n
oxide whose atomic ratio of In to Ga and Zn is 1:1:1, 2:1:3,
5:5:6, or 3:1:2 can be used for the oxide semiconductor layer
13054. In each of the oxide semiconductor layers 130a, 1305,
and 130c, the proportion of each atom in the atomic ratio
varies within a range of £20% as an error.

The oxide semiconductor layer 1305 of the oxide semicon-
ductor layer 130 serves as a well, so that a channel is formed
in the oxide semiconductor layer 1305 in a transistor includ-
ing the oxide semiconductor layer 130. Note that since the
conduction band minimums are continuous, the oxide semi-
conductor layer 130 can also be referred to as a U-shaped
well. Further, a channel formed to have such a structure can
also be referred to as a buried channel.

Note that trap levels due to impurities or defects might be
formed in the vicinity of the interface between an insulating
layer such as a silicon oxide film and each of the oxide
semiconductor layer 130qa and the oxide semiconductor layer
130c¢. The oxide semiconductor layer 1305 can be distanced
away from the trap levels owing to existence of the oxide
semiconductor layer 130qa and the oxide semiconductor layer
130c.

However, when the energy differences between the con-
duction band minimum of the oxide semiconductor layer
1305 and the conduction band minimum of each of the oxide
semiconductor layer 130qa and the oxide semiconductor layer
130c¢ are small, an electron in the oxide semiconductor layer
1305 might reach the trap level by passing over the energy
differences. When the electron is trapped in the trap level, a
negative charge is generated at the interface with the insulat-
ing layer, whereby the threshold voltage of the transistor is
shifted in the positive direction.

Thus, to reduce fluctuations in the threshold voltage of the
transistor, energy differences of at least certain values
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between the conduction band minimum of the oxide semi-
conductor layer 13056 and the conduction band minimum of
each of the oxide semiconductor layer 130a and the oxide
semiconductor layer 130c¢ are necessary. Each of the energy
differences is preferably greater than or equal to 0.1 eV,
further preferably greater than or equal to 0.15 eV.

The oxide semiconductor layer 130a, the oxide semicon-
ductor layer 13054, and the oxide semiconductor layer 130¢
preferably include crystal parts. In particular, when crystals
with c-axis alignment are used, the transistor can have stable
electrical characteristics. Moreover, crystals with c-axis
alignment are resistant to bending; therefore, using such crys-
tals can improve the reliability of a semiconductor device
using a flexible substrate.

As the conductive layer 140 functioning as a source elec-
trode layer and the conductive layer 150 functioning as a
drain electrode layer, for example, a single layer or a stacked
layer formed using a material selected from Al, Cr, Cu, Ta, Ti,
Mo, W, Ni, Mn, Nd, Sc, and alloys of any of these metal
materials can be used. Typically, it is preferable to use Ti,
which is particularly easily bonded to oxygen, or W, which
has a high melting point and thus allows subsequent process
temperatures to be relatively high. It is also possible to use a
stack of any of the above materials and Cu or an alloy such as
Cu—Mn, which has low resistance. Note that in the transis-
tors 105, 106, 111, and 112, for example, it is possible to use
W for the conductive layer 141 and the conductive layer 151
and use a stack of Ti and Al for the conductive layer 142 and
the conductive layer 152.

The above materials are capable of extracting oxygen from
an oxide semiconductor film. Therefore, in a region of the
oxide semiconductor film that is in contact with any of the
above materials, oxygen is released from the oxide semicon-
ductor film and oxygen vacancy is formed. Hydrogen slightly
contained in the layer and the oxygen vacancy are bonded to
each other, whereby the region is markedly changed to an
n-type region. Accordingly, the n-type region can serve as a
source or a drain of the transistor.

The insulating layer 160 functioning as a gate insulating
film can be formed using an insulating film containing one or
more of aluminum oxide, magnesium oxide, silicon oxide,
silicon oxynitride, silicon nitride oxide, silicon nitride, gal-
lium oxide, germanium oxide, yttrium oxide, zirconium
oxide, lanthanum oxide, neodymium oxide, hathium oxide,
and tantalum oxide. The insulating layer 160 may be a stack
including any of the above materials. The insulating layer 160
may contain lanthanum (La), nitrogen, or zirconium (Zr) as
an impurity.

An example of a stacked-layer structure of the insulating
layer 160 is described. The insulating layer 160 includes, for
example, oxygen, nitrogen, silicon, or hathium. Specifically,
the insulating layer 160 preferably includes hafnium oxide
and silicon oxide or silicon oxynitride.

Hafnium oxide and aluminum oxide have higher dielectric
constant than silicon oxide and silicon oxynitride. Therefore,
by using hafnium oxide or aluminum oxide, a physical thick-
ness can be made larger than an equivalent oxide thickness;
thus, even in the case where the equivalent oxide thickness is
less than or equal to 10 nm or less than or equal to 5 nm,
leakage current due to tunnel current can be low. That is, it is
possible to provide a transistor with a low off-state current.
Moreover, hafnium oxide with a crystalline structure has
higher dielectric constant than hafnium oxide with an amor-
phous structure. Therefore, it is preferable to use hafnium
oxide with a crystalline structure in order to provide a tran-
sistor with a low off-state current. Examples of the crystalline
structure include a monoclinic crystal structure and a cubic
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crystal structure. Note that one embodiment of the present
invention is not limited to the above examples.

A surface over which the hafnium oxide having a crystal
structure is formed might have interface states due to defects.
The interface states might function as trap centers. Therefore,
in the case where the hafnium oxide is provided close to the
channel region of the transistor, the electrical characteristics
of the transistor might deteriorate owing to the interface
states. In order to reduce the adverse effect of the interface
state, in some cases, it is preferable to separate the channel
region of the transistor and the hafhium oxide from each other
by providing another film therebetween. The film has a buffer
function. The film having a buffer function may be included in
the insulating layer 160 or included in the oxide semiconduc-
tor film. That is, the film having a buffer function can be
formed using silicon oxide, silicon oxynitride, an oxide semi-
conductor, or the like. Note that the film having a buffer
function is formed using, for example, a semiconductor or an
insulator having a larger energy gap than a semiconductor to
be the channel region. Alternatively, the film having a buffer
function is formed using, for example, a semiconductor or an
insulator having lower electron affinity than a semiconductor
to be the channel region. Further alternatively, the film having
a buffer function is formed using, for example, a semicon-
ductor or an insulator having higher ionization energy than a
semiconductor to be the channel region.

Meanwhile, charge is trapped by the interface states (trap
centers) of the hafnium oxide having a crystal structure,
whereby the threshold voltage of the transistor may be con-
trolled. In order to make the electric charge exist stably, for
example, a semiconductor or an insulator having a larger
energy gap than hafnium oxide may be provided between the
channel region and the hafnium oxide. Alternatively, a semi-
conductor or an insulator having smaller electron affinity than
the hatnium oxide is provided. The film having a buffer func-
tion may be formed using a semiconductor or an insulator
having higher ionization energy than hafnium oxide. Use of
such a semiconductor or an insulator inhibits discharge of the
charge trapped by the interface states, so that the charge can
be retained for a long time.

Examples of such an insulator include silicon oxide and
silicon oxynitride. In order to make the interface state in the
insulating layer 160 trap an electric charge, an electron may
be transferred from the oxide semiconductor layer 130 toward
the gate electrode layer (conductive layer 170). As a specific
example, the potential of the gate electrode layer (conductive
layer 170) is kept higher than the potential of the source
electrode or the drain electrode under high temperature con-
ditions (e.g., atemperature higher than or equal to 125° C. and
lower than or equal to 450° C., typically higher than or equal
to 150° C. and lower than or equal to 300° C.) for one second
or longer, typically for one minute or longer.

The threshold voltage of a transistor in which a predeter-
mined amount of electrons are trapped in interface states in
the insulating layer 160 or the like shifts in the positive direc-
tion. The amount of electrons to be trapped (the amount of
change in threshold voltage) can be controlled by adjusting a
voltage of the gate electrode layer (conductive layer 170) or
time in which the voltage is applied. Note that a location in
which charge is trapped is not necessarily limited to the inside
of the insulating layer 160 as long as charge can be trapped
therein. A stacked-layer film having a similar structure may
be used for another insulating layer.

The insulating layer 120 and the insulating layer 160 in
contact with the oxide semiconductor layer 130 may include
aregion with a low density of states of nitrogen oxide. As the
oxide insulating layer with a low density of states of a nitro-
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gen oxide, a silicon oxynitride film that releases less nitrogen
oxide, and an aluminum oxynitride film that releases less
nitrogen oxide can be used.

Note that a silicon oxynitride film that releases less nitro-
gen oxide is a film of which the amount of released ammonia
is larger than the amount of released nitrogen oxide in TDS
analysis; the amount of released ammonia is typically greater
than or equal to 1x10*#/cm?® and less than or equal to 5x10'°/
cm’. Note that the amount of released ammonia is the amount
ofammonia released by heat treatment with which the surface
temperature of a film becomes higher than or equal to 50° C.
and lower than or equal to 650° C., preferably higher than or
equal to 50° C. and lower than or equal to 550° C.

By using the above oxide insulating layer for the insulating
layer 120 and the insulating layer 160, a shift in the threshold
voltage of the transistor can be reduced, which leads to
reduced fluctuations in the electrical characteristics of the
transistor.

For the conductive layer 170 functioning as a gate elec-
trode layer, for example, a conductive film formed using Al,
Ti, Cr, Co,Ni, Cu, Y, Zr, Mo, Ru, Ag, Mn, Nd, Sc, Ta, W, or the
like can be used. It is also possible to use an alloy or a
conductive nitride of any of these materials. It is also possible
to use a stack of a plurality of materials selected from these
materials, alloys of these materials, and conductive nitrides of
these materials. Typically, tungsten, a stack of tungsten and
titanium nitride, a stack of tungsten and tantalum nitride, or
the like can be used. It is also possible to use Cu or an alloy
such as Cu—Mn, which has low resistance, or a stack of any
of'the above materials and Cu or an alloy such as Cu—Mn. In
this embodiment, tantalum nitride is used for the conductive
layer 171 and tungsten is used for the conductive layer 172 to
form the conductive layer 170.

As the insulating layer 175, a silicon nitride film, an alu-
minum nitride film, or the like containing hydrogen can be
used. In the transistors 103, 104, 106, 109, 110, and 112
described in Embodiment 2, using an insulating film contain-
ing hydrogen as the insulating layer 175 allows the oxide
semiconductor layer to be partly changed to n-type. In addi-
tion, a nitride insulating film functions as a blocking film
against moisture and the like and can improve the reliability
of the transistor.

An aluminum oxide film can also be used as the insulating
layer 175. It is particularly preferable to use an aluminum
oxide film as the insulating layer 175 in the transistors 101,
102,105,107, 108, and 111 described in Embodiment 2. The
aluminum oxide film has a high blocking effect of preventing
penetration of both oxygen and impurities such as hydrogen
and moisture. Accordingly, during and after the manufactur-
ing process of the transistor, the aluminum oxide film can
suitably function as a protective film that has effects of pre-
venting entry of impurities such as hydrogen and moisture,
which cause variations in the electrical characteristics of the
transistor, into the oxide semiconductor layer 130, preventing
release of oxygen, which is a main component of the oxide
semiconductor layer 130, from the oxide semiconductor
layer, and preventing unnecessary release of oxygen from the
insulating layer 120. Further, oxygen contained in the alumi-
num oxide film can be diffused into the oxide semiconductor
layer.

Further, the insulating layer 180 is preferably formed over
the insulating layer 175. The insulating layer 180 can be
formed using an insulating film containing one or more of
magnesium oxide, silicon oxide, silicon oxynitride, silicon
nitride oxide, silicon nitride, gallium oxide, germanium
oxide, yttrium oxide, zirconium oxide, lanthanum oxide,
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neodymium oxide, hafhium oxide, and tantalum oxide. The
insulating layer 180 may be a stack of any of the above
materials.

Here, like the insulating layer 120, the insulating layer 180
preferably contains oxygen more than that in the stoichiomet-
ric composition. Oxygen released from the insulating layer
180 can be diffused into the channel formation region in the
oxide semiconductor layer 130 through the insulating layer
160, so that oxygen vacancy formed in the channel formation
region can be filled with the oxygen. In this manner, stable
electrical characteristics of the transistor can be achieved.

High integration of a semiconductor device requires min-
iaturization of a transistor. However, it is known that minia-
turization of a transistor causes deterioration of electrical
characteristics of the transistor. A decrease in channel width
causes a reduction in on-state current.

In the transistors 107 to 112 of embodiments of the present
invention, the oxide semiconductor layer 130c¢ is formed to
cover the oxide semiconductor layer 1305 where a channel is
formed; thus, a channel formation layer is not in contact with
the gate insulating film. Accordingly, scattering of carriers at
the interface between the channel formation layer and the gate
insulating film can be reduced and the on-state current of the
transistor can be increased.

In the transistor of one embodiment of the present inven-
tion, as described above, the gate electrode layer (the conduc-
tive layer 170) is formed to electrically surround the oxide
semiconductor layer 130 in the channel width direction;
accordingly, a gate electric field is applied to the oxide semi-
conductor layer 130 in the side surface direction in addition to
the perpendicular direction. In other words, a gate electric
field is applied to the entire channel formation layer and an
effective channel width is increased, leading to a further
increase in the on-state current.

Furthermore, in the transistor of one embodiment of the
present invention in which the oxide semiconductor layer 130
has a two-layer structure or a three-layer structure, since the
oxide semiconductor layer 1305 where a channel is formed is
provided over the oxide semiconductor layer 130a, an effect
of making an interface state less likely to be formed is
obtained. In the transistor of one embodiment of the present
invention in which the oxide semiconductor layer 130 has a
three-layer structure, since the oxide semiconductor layer
1305 is positioned at the middle of the three-layer structure,
an effect of eliminating the influence of an impurity that
enters from upper and lower layers on the oxide semiconduc-
tor layer 1305 is obtained as well. Therefore, the transistor
can achieve not only the increase in the on-state current of the
transistor but also stabilization of the threshold voltage and a
reduction in the S value (subthreshold value). Thus, Icut
(current when gate voltage VG is 0 V) can be reduced and
power consumption can be reduced. Further, since the thresh-
old voltage of the transistor becomes stable, long-term reli-
ability of the semiconductor device can be improved. In addi-
tion, the transistor of one embodiment of the present
invention is suitable for a highly integrated semiconductor
device because deterioration of electrical characteristics due
to miniaturization is reduced.

This embodiment can be combined with any of the other
embodiments in this specification as appropriate.

Embodiment 7

In this embodiment, methods for manufacturing the tran-
sistors 102 and 107 described in Embodiment 5 are described.
First, an example of a method for manufacturing a silicon
transistor included in the substrate 115 is described. An
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n~-type single crystal silicon substrate is used as a silicon
substrate, and an element formation region isolated with an
insulating layer (also referred to as a field oxide film) is
formed in the surface. The element formation region can be
formed by local oxidation of silicon (LOCOS), shallow
trench isolation (STI), or the like.

Here, the substrate is not limited to the single crystal silicon
substrate. A silicon on insulator (SOI) substrate or the like can
be used as well.

Next, a gate insulating film is formed so as to cover the
element formation region. For example, a silicon oxide film is
formed by oxidation of a surface of the element formation
region by heat treatment. Furthermore, after the silicon oxide
film is formed, a surface of the silicon oxide film may be
nitrided by nitriding treatment.

Next, a conductive film is formed so as to cover the gate
insulating film. The conductive film can be formed using an
element selected from tantalum (Ta), tungsten (W), titanium
(T1), molybdenum (Mo), aluminum (Al), copper (Cu), chro-
mium (Cr), niobium (Nb), and the like, or an alloy material or
a compound material containing such an element as a main
component. Alternatively, a metal nitride film obtained by
nitridation of any ofthese elements can be used. Alternatively,
a semiconductor material typified by polycrystalline silicon
doped with an impurity element such as phosphorus can be
used.

Then, the conductive film is selectively etched, whereby a
gate electrode layer is formed over the gate insulating film.

Next, an insulating film such as a silicon oxide film or a
silicon nitride film is formed to cover the gate electrode layer
and etch back is performed, whereby sidewalls are formed on
side surfaces of the gate electrode layer.

Next, a resist mask is selectively formed so as to cover
regions except the element formation region, and an impurity
element is added with the use of the resist mask and the gate
electrode layer as masks, whereby p*-type impurity regions
are formed. Here, in order to form a p-channel transistor, an
impurity element imparting p-type conductivity such as
boron (B) or gallium (Ga) can be used as the impurity ele-
ment.

Then, in order to form a photodiode, a resist mask is selec-
tively formed. Here, in order to form a cathode of the photo-
diode over a surface of the single crystal silicon substrate
which is the same as a surface where the transistor is formed,
an n*-type shallow impurity region is formed by introduction
of phosphorus (P) or arsenic (As) that are impurity elements
imparting n-type conductivity. Furthermore, a p*-type deep
impurity region may be formed in order to electrically con-
nect an anode of the photodiode and a wiring. Note that the
anode (the p*-type shallow impurity region) of the photo-
diode is formed over a surface of the single crystal silicon
substrate opposite to the surface where the cathode of the
photodiode is formed in a later step; therefore, description
thereof is omitted in this embodiment.

Through the above steps, a p-channel transistor including
an active region in the silicon substrate is completed. Note
that a passivation film such as a silicon nitride film is prefer-
ably formed over the transistor.

Next, an interlayer insulating film is formed using a silicon
oxide film or the like over the silicon substrate where the
transistor is formed, and contact plugs and wirings are
formed. In addition, as described in Embodiment 1, an insu-
lating layer made of aluminum oxide or the like for preventing
diffusion of hydrogen is formed. The substrate 115 includes
the silicon substrate where the transistor and the photodiode
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are formed, and the interlayer insulating layer, the wirings,
the contact plugs and the like formed over the silicon sub-
strate.

A method for manufacturing the transistor 102 is described
with reference to FIGS. 40A to 40C and FIGS. 41At0 41C. A
cross section of the transistor in the channel length direction
is shown on the left side, and a cross section of the transistor
in the channel width direction is shown on the right side. The
cross-sectional views in the channel width direction are
enlarged views; therefore, components on the left side and
those on the right side differ in apparent thickness.

The case where the oxide semiconductor layer 130 has a
three-layer structure of the oxide semiconductor layer 130a,
the oxide semiconductor layer 1305, and the oxide semicon-
ductor layer 130c is described as an example. In the case
where the oxide semiconductor layer 130 has a two-layer
structure, the oxide semiconductor layer 130a and the oxide
semiconductor layer 1306 are used. In the case where the
oxide semiconductor layer 130 has a single-layer structure,
the oxide semiconductor layer 1305 is used.

First, the insulating layer 120 is formed over the substrate
115. Embodiment 3 can be referred to for description of the
kinds of'the substrate 115 and a material used for the insulat-
ing layer 120. The insulating layer 120 can be formed by a
sputtering method, a chemical vapor deposition (CVD)
method, a molecular beam epitaxy (MBE) method, or the
like.

Oxygen may be added to the insulating layer 120 by anion
implantation method, an ion doping method, a plasma immer-
sion ion implantation method, plasma treatment, or the like.
Adding oxygen enables the insulating layer 120 to supply
oxygen much easily to the oxide semiconductor layer 130.

In the case where a surface of the substrate 115 is made of
an insulator and there is no influence of impurity diffusion to
the oxide semiconductor layer 130 to be formed later, the
insulating layer 120 is not necessarily provided.

Next, an oxide semiconductor film 130A to be the oxide
semiconductor layer 130a, an oxide semiconductor film
130B to be the oxide semiconductor layer 1305, and an oxide
semiconductor film 130C to be the oxide semiconductor layer
130c¢ are formed over the insulating layer 120 by a sputtering
method, a CVD method, an MBE method, or the like (see
FIG. 40A).

In the case where the oxide semiconductor layer 130 has a
stacked-layer structure, oxide semiconductor films are pref-
erably formed successively without exposure to the air with
the use of a multi-chamber deposition apparatus (e.g., a sput-
tering apparatus) including a load lock chamber. It is prefer-
able that each chamber of the sputtering apparatus be able to
be evacuated to a high vacuum (approximately 5x10~7 Pa to
1x10~* Pa) by an adsorption vacuum evacuation pump such
as a cryopump and that the chamber be ableto heat a substrate
over which a film is to be deposited to 100° C. or higher,
preferably 500° C. or higher, so that water and the like acting
as impurities of an oxide semiconductor are removed as much
as possible. Alternatively, a combination of a turbo molecular
pump and a cold trap is preferably used to prevent back-flow
of'a gas containing a carbon component, moisture, or the like
from an exhaust system into the chamber. Alternatively, a
combination of a turbo molecular pump and a cryopump may
be used as an exhaust system.

Not only high vacuum evacuation of the chamber but also
high purity of a sputtering gas is necessary to obtain a highly
purified intrinsic oxide semiconductor. As an oxygen gas or
an argon gas used for a sputtering gas, a gas which is highly
purified to have a dew point of —-40° C. or lower, preferably
-80° C. or lower, further preferably —100° C. or lower is used,
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whereby entry of moisture or the like into the oxide semicon-
ductor film can be prevented as much as possible.

For the oxide semiconductor film 130A, the oxide semi-
conductor film 130B, and the oxide semiconductor film
130C, any of the materials described in Embodiment 3 can be
used. For example, an In—Ga—Z7n oxide whose atomic ratio
of Into Gaand Zn is 1:3:6, 1:3:4, 1:3:3, or 1:3:2 can be used
for the oxide semiconductor film 130A, an In—Ga—Z7n
oxide whose atomic ratio of In to Gaand Znis 1:1:1,3:1:2, or
5:5:6 can be used for the oxide semiconductor film 1308, and
an In—Ga—7Z7n oxide whose atomic ratio of In to Ga and Zn
is 1:3:6, 1:3:4, 1:3:3, and 1:3:2 can be used for the oxide
semiconductor film 130C. For the oxide semiconductor film
130A and the oxide semiconductor film 130C, an oxide semi-
conductor like gallium oxide may be used. In each of the
oxide semiconductor films 130A, 130B, and 130C, the pro-
portion of each atom in the atomic ratio varies within a range
of' +20% as an error. In the case where a sputtering method is
used for deposition, the above material can be used as a target.

Note that as described in detail in Embodiment 3, a mate-
rial that has an electron affinity higher than that of the oxide
semiconductor film 130 A and that of the oxide semiconduc-
tor film 130C is used for the oxide semiconductor film 130B.

Note that the oxide semiconductor films are preferably
formed by a sputtering method. As a sputtering method, an RF
sputtering method, a DC sputtering method, an AC sputtering
method, or the like can be used.

After the oxide semiconductor film 130C is formed, first
heat treatment may be performed. The first heat treatment
may be performed at a temperature higher than or equal to
250° C. and lower than or equal to 650° C., preferably higher
than or equal to 300° C. and lower than or equal to 500° C., in
an inert gas atmosphere, an atmosphere containing an oxidiz-
ing gas at 10 ppm or more, or a reduced pressure state.
Alternatively, the first heat treatment may be performed in
such a manner that heat treatment is performed in an inert gas
atmosphere, and then another heat treatment is performed in
anatmosphere containing an oxidizing gas at 10 ppm or more,
in order to compensate released oxygen. The first heat treat-
ment can increase the crystallinity of the oxide semiconduc-
tor film 130A, the oxide semiconductor film 130B, and the
oxide semiconductor film 130C and remove impurities such
as water and hydrogen from the insulating layer 120, the
oxide semiconductor film 130A, the oxide semiconductor
film 130B, and the oxide semiconductor film 130C. Note that
the first heat treatment may be performed after etching for
forming the oxide semiconductor layer 130aq, the oxide semi-
conductor layer 1305, and the oxide semiconductor layer
130c described later.

Next, a first conductive layer is formed over the oxide
semiconductor film 130A. The first conductive layer can be
formed by the following method, for example.

First, a first conductive film is formed over the oxide semi-
conductor film 130A. As the first conductive film, a single
layer or a stacked layer can be formed using a material
selected from Al, Cr, Cu, Ta, Ti, Mo, W, Ni, Mn, Nd, and Sc
and alloys of any of these metal materials.

Next, a negative resist film is formed over the first conduc-
tive film and the resist film is exposed to light by electron
beam exposure, liquid immersion exposure, or EUV exposure
and developed, so that a first resist mask is formed. An organic
coating film is preferably formed as an adherence agent
between the first conductive film and the resist film. Alterna-
tively, the first resist mask may be formed by nanoimprint
lithography.
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Then, the first conductive film is selectively etched using
the first resist mask and the first resist mask is subjected to
ashing; thus, the conductive layer is formed.

Next, the oxide semiconductor film 130A, the oxide semi-
conductor film 130B, and the oxide semiconductor film 130C
are selectively etched using the conductive layer as a hard
mask and the conductive layer is removed; thus, the oxide
semiconductor layer 130 including a stack of the oxide semi-
conductor layer 130a, the oxide semiconductor layer 1305,
and the oxide semiconductor layer 130c¢ is formed (see FIG.
40B). It is also possible to form the oxide semiconductor layer
130 using the first resist mask, without forming the conduc-
tive layer. Here, oxygen ions may be implanted into the oxide
semiconductor layer 130.

Next, a second conductive film is formed to cover the oxide
semiconductor layer 130. The second conductive film can be
formed using a material that can be used for the conductive
layer 140 and the conductive layer 150 described in Embodi-
ment 6. A sputtering method, a CVD method, an MBE
method, or the like can be used for the formation of the second
conductive film.

Then, a second resist mask is formed over portions to be a
source region and a drain region. Then, part of the second
conductive film is etched, whereby the conductive layer 140
and the conductive layer 150 are formed (see FIG. 40C).

Next, an insulating film 160A serving as a gate insulating
film is formed over the oxide semiconductor layer 130, the
conductive layer 140, and the conductive layer 150. The insu-
lating film 160A can be formed using a material that can be
used for the insulating layer 160 described in Embodiment 6.
A sputtering method, a CVD method, an MBE method, or the
like can be used for the formation of the insulating film 160A.

After that, second heat treatment may be performed. The
second heat treatment can be performed in a condition similar
to that of the first heat treatment. The second heat treatment
enables oxygen implanted into the oxide semiconductor layer
130 to diffuse into the entire oxide semiconductor layer 130.
Note that it is possible to obtain this effect by third heat
treatment, without performing the second heat treatment.

Then, a third conductive film 171A and a fourth conductive
film 172A to be the conductive layer 170 are formed over the
insulating film 160A. The third conductive film 171A and the
fourth conductive film 172A can be formed using materials
that can be used for the conductive layer 171 and the conduc-
tive layer 172 described in Embodiment 3. A sputtering
method, a CVD method, an MBE method, or the like can be
used for the formation of the third conductive film 171A and
the fourth conductive film 172A.

Next, a third resist mask 156 is formed over the fourth
conductive film 172A (see FIG. 41A). The third conductive
film 171A, the fourth conductive film 172A, and the insulat-
ing film 160A are selectively etched using the resist mask,
whereby the conductive layer 170 including the conductive
layer 171 and the conductive layer 172 and the insulating
layer 160 are formed (see FIG. 41B). Note that if the insulat-
ing film 160A is not etched, the transistor 102 can be manu-
factured.

After that, the insulating layer 175 is formed over the oxide
semiconductor layer 130, the conductive layer 140, the con-
ductive layer 150, the insulating layer 160, and the conductive
layer 170. Embodiment 6 can be referred to for description of
a material used for the insulating layer 175. In the transistor
101, an aluminum oxide film is preferably used. The insulat-
ing layer 175 can be formed by a sputtering method, a CVD
method, an MBE method, or the like.

Next, the insulating layer 180 is formed over the insulating
layer 175 (see F1G. 41C). Embodiment 3 can be referred to for
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description of a material used for the insulating layer 180. The
insulating layer 180 can be formed by a sputtering method, a
CVD method, an MBE method, or the like.

Oxygen may be added to the insulating layer 175 and/or the
insulating layer 180 by an ion implantation method, an ion
doping method, a plasma immersion ion implantation
method, plasma treatment, or the like. Adding oxygen enables
the insulating layer 175 and/or the insulating layer 180 to
supply oxygen much easily to the oxide semiconductor layer
130.

Next, third heat treatment may be performed. The third
heat treatment can be performed in a condition similar to that
of'the first heat treatment. By the third heat treatment, excess
oxygen is easily released from the insulating layer 120, the
insulating layer 175, and the insulating layer 180, so that
oxygen vacancy in the oxide semiconductor layer 130 can be
reduced.

Next, a method for manufacturing the transistor 107 is
described. Note that detailed description of steps similar to
those for manufacturing the transistor 102 described above is
omitted.

The insulating layer 120 is formed over the substrate 115,
and the oxide semiconductor film 130A to be the oxide semi-
conductor layer 130a and the oxide semiconductor film 130B
to be the oxide semiconductor layer 1305 are formed over the
insulating layer by a sputtering method, a CVD method, an
MBE method, or the like (see FIG. 42A).

Next, the first conductive film is formed over the oxide
semiconductor film 130B, and the conductive layer is formed
using the first resist mask in the above-described manner.
Then, the oxide semiconductor film 130A and the oxide semi-
conductor film 130B are selectively etched using the conduc-
tive layer as a hard mask, and the conductive layer is removed,
whereby a stack of the oxide semiconductor layer 130a and
the oxide semiconductor layer 1305 is formed (see FIG. 42B).
It is also possible to form the stack using the first resist mask,
without forming the hard mask. Here, oxygen ions may be
implanted into the oxide semiconductor layer 130.

Next, a second conductive film is formed to cover the stack.
Then, a second resist mask is formed over portions to be a
source region and a drain region, and part of the second
conductive film is etched using the second resist mask,
whereby the conductive layer 140 and the conductive layer
150 are formed (see FIG. 42C).

After that, the oxide semiconductor film 130C to be the
oxide semiconductor layer 130c is formed over the stack of
the oxide semiconductor layer 130a and the oxide semicon-
ductor layer 1305, the conductive layer 140, and the conduc-
tive layer 150. Furthermore, the insulating film 160A serving
as a gate insulating film, the third conductive film 171A
serving as the conductive layer 170, and the fourth conductive
film 172A are formed over the oxide semiconductor film
130C.

Then, the third resist mask 156 is formed over the fourth
conductive film 172A (see FIG. 43A). The third conductive
film 171A, the fourth conductive film 172A, the insulating
film 160A, and the oxide semiconductor film 130C are selec-
tively etched using the resist mask, whereby the conductive
layer 170 including the conductive layer 171 and the conduc-
tive layer 172, the insulating layer 160, and the oxide semi-
conductor layer 130c¢ are formed (see FIG. 43B). Note that if
the insulating film 160A and the oxide semiconductor film
130C are etched using a fourth resist mask, the transistor 108
can be manufactured.

Next, the insulating layer 175 and the insulating layer 180
are formed over the insulating layer 120, the oxide semicon-
ductor layer 130 (the oxide semiconductor layer 130a, the
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oxide semiconductor layer 1305, and the oxide semiconduc-
tor layer 130c¢), the conductive layer 140, the conductive layer
150, the insulating layer 160, and the conductive layer 170
(see FIG. 43C).

Through the above steps, the transistor 107 can be manu-
factured.

Although the variety of films such as the metal films, the
semiconductor films, and the inorganic insulating films which
are described in this embodiment typically can be formed by
asputtering method or a plasma CVD method, such films may
be formed by another method, e.g., a thermal CVD method. A
metal organic chemical vapor deposition (MOCVD) method
or an atomic layer deposition (ALD) method may be
employed as an example of a thermal CVD method.

A thermal CVD method has an advantage that no defect
due to plasma damage is generated since it does not utilize
plasma for forming a film.

Deposition by a thermal CVD method may be performed in
such a manner that a source gas and an oxidizer are supplied
to the chamber at a time, the pressure in the chamber is set to
an atmospheric pressure or a reduced pressure, and reaction is
caused in the vicinity of the substrate or over the substrate.

Deposition by an ALD method may be performed in such
a manner that the pressure in a chamber is set to an atmo-
spheric pressure or a reduced pressure, source gases for reac-
tion are sequentially introduced into the chamber, and then
the sequence of the gas introduction is repeated. For example,
two or morekinds of source gases are sequentially supplied to
the chamber by switching respective switching valves (also
referred to as high-speed valves). For example, a first source
gas is introduced, an inert gas (e.g., argon or nitrogen) or the
like is introduced at the same time as or after the introduction
of the first source gas so that the source gases are not mixed,
and then a second source gas is introduced. Note that in the
case where the first source gas and the inert gas are introduced
at a time, the inert gas serves as a carrier gas, and the inert gas
may also be introduced at the same time as the introduction of
the second source gas. Alternatively, the first source gas may
be exhausted by vacuum evacuation instead of the introduc-
tion of the inert gas, and then the second source gas may be
introduced. The first source gas is adsorbed on the surface of
the substrate to form a first layer; then the second source gas
is introduced to react with the first layer; as a result, a second
layer is stacked over the first layer, so that a thin film is
formed. The sequence of the gas introduction is repeated
plural times until a desired thickness is obtained, whereby a
thin film with excellent step coverage can be formed. The
thickness of the thin film can be adjusted by the number of
repetition times ofthe sequence of the gas introduction; there-
fore, an AL.D method makes it possible to accurately adjust a
thickness and thus is suitable for manufacturing a minute
FET.

The variety of films such as the metal film, the semicon-
ductor film, and the inorganic insulating film which have been
disclosed in the embodiments can be formed by a thermal
CVD method such as a MOCVD method or an ALD method.
For example, in the case where an In—Ga—Z7n0O, film (x>0)
is formed, trimethylindium, trimethylgallium, and dimeth-
ylzinc can be used. Note that the chemical formula of trim-
ethylindium is In(CH,);. The chemical formula of trimethyl-
gallium is Ga(CH,);. The chemical formula of dimethylzinc
is Zn(CH;),. Without limitation to the above combination,
triethylgallium (chemical formula: Ga(C,Hs);) can be used
instead of trimethylgallium and diethylzinc (chemical for-
mula: Zn(C,Hs),) can be used instead of dimethylzinc.

For example, in the case where a hatnium oxide film is
formed with a deposition apparatus employing ALD, two
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kinds of gases, i.e., ozone (O;) as an oxidizer and a source
material gas which is obtained by vaporizing liquid contain-
ing a solvent and a hafnium precursor compound (hafnium
alkoxide and a hafnium amide such as hatnium tetrakis(dim-
ethylamide)hafnium (TDMAH)) are used. Note that the
chemical formula of tetrakis(dimethylamide)hafnium is
HiN(CH,;),],. Examples of another material liquid include
tetrakis(ethylmethylamide)hafnium.

For example, in the case where an aluminum oxide film is
formed using a deposition apparatus employing ALD, two
kinds of gases, e.g., H,O as an oxidizer and a source gas
which is obtained by vaporizing liquid containing a solvent
and an aluminum precursor compound (e.g., trimethylalumi-
num (TMA)) are used. Note that the chemical formula of
trimethylaluminum is Al(CHj;);. Examples of another mate-
rial liquid include tris(dimethylamide)aluminum, triisobuty-
laluminum, and aluminum tris(2,2,6,6-tetramethyl-3,5-hep-
tanedionate).

For example, in the case where a silicon oxide film is
formed with a deposition apparatus employing ALD,
hexachlorodisilane is adsorbed on a surface where a film is to
be formed, chlorine contained in the adsorbate is removed,
and radicals of an oxidizing gas (e.g., O, or dinitrogen mon-
oxide) are supplied to react with the adsorbate.

For example, in the case where a tungsten film is formed
using a deposition apparatus employing ALD, a WF gas and
aB,H, gas are sequentially introduced plural times to form an
initial tungsten film, and then a WF gas and an H, gas are
introduced at a time, so that a tungsten film is formed. Note
that an SiH, gas may be used instead of a B,H gas.

For example, in the case where an oxide semiconductor
film, e.g., an In—Ga—Zn0O, film (x>0), is formed using a
deposition apparatus employing ALD, an In(CH,); gas and
an Oy gas are sequentially introduced plural times to form an
In—O layer, a Ga(CH,); gas and an O; gas are introduced at
atime to form a GaO layer, and then a Zn(CH,), gas and an O
gas are introduced at a time to form a ZnO layer. Note that the
order of these layers is not limited to this example. A mixed
compound layer such as an In—Ga—O layer, an In—7n—0
layer, or a Ga—Z7n—0O layer may be formed by mixing of
these gases. Note that although an H,O gas which is obtained
by bubbling with an inert gas such as Ar may be used instead
of'an O, gas, it is preferable to use an O gas, which does not
contain H. Instead of an In(CHj); gas, an In(C,Hy); gas may
be used. Instead of a Ga(CH,); gas, a Ga(C,H;); gas may be
used. Furthermore, a Zn(CH;), gas may be used.

This embodiment can be combined with any of the other
embodiments in this specification as appropriate.

Embodiment 8

In this embodiment, an oxide semiconductor film that can
be used for a transistor of one embodiment of the present
invention is described.

Note that in this specification, the term “parallel” indicates
that the angle formed between two straight lines is greater
than or equal to —10° and less than or equal to 10°, and
accordingly also includes the case where the angle is greater
than or equal to -5° and less than or equal to 5°. The term
“perpendicular” indicates that the angle formed between two
straight lines is greater than or equal to 80° and less than or
equal to 100°, and accordingly includes the case where the
angle is greater than or equal to 85° and less than or equal to
95°.

In this specification, trigonal and rhombohedral crystal
systems are included in a hexagonal crystal system.
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<Structure of Oxide Semiconductor>

A structure of an oxide semiconductor is described below.

An oxide semiconductor is classified into a single crystal
oxide semiconductor and a non-single-crystal oxide semicon-
ductor. Examples of a non-single-crystal oxide semiconduc-
tor include a c-axis aligned crystalline oxide semiconductor
(CAAC-08), a polycrystalline oxide semiconductor, a
nanocrystalline oxide semiconductor (nc-OS), an amor-
phous-like oxide semiconductor (a-like OS), and an amor-
phous oxide semiconductor.

From another perspective, an oxide semiconductor is clas-
sified into an amorphous oxide semiconductor and a crystal-
line oxide semiconductor. Examples of a crystalline oxide
semiconductor include a single crystal oxide semiconductor,
a CAAC-0S, a polycrystalline oxide semiconductor, and an
nc-OS.

It is known that an amorphous structure is generally
defined as being metastable and unfixed, and being isotropic
and having no non-uniform structure. In other words, an
amorphous structure has a flexible bond angle and a short-
range order but does not have a long-range order.

This means that an inherently stable oxide semiconductor
cannot be regarded as a completely amorphous oxide semi-
conductor. Moreover, an oxide semiconductor that is not iso-
tropic (e.g., an oxide semiconductor that has a periodic struc-
ture in a microscopic region) cannot be regarded as a
completely amorphous oxide semiconductor. Note that an
a-like OS has a periodic structure in a microscopic region, but
at the same time has a void and has an unstable structure. For
this reason, an a-like OS has physical properties similar to
those of an amorphous oxide semiconductor.
<CAAC-0OS>

First, a CAAC-OS is described.

A CAAC-OS is one of oxide semiconductors having a
plurality of c-axis aligned crystal parts (also referred to as
pellets).

In a combined analysis image (also referred to as a high-
resolution TEM image) of a bright-field image and a diffrac-
tion pattern of a CAAC-OS, which is obtained using a trans-
mission electron microscope (TEM), a plurality of pellets can
be observed. However, in the high-resolution TEM image, a
boundary between pellets, that is, a grain boundary is not
clearly observed. Thus, in the CAAC-OS, a reduction in elec-
tron mobility due to the grain boundary is less likely to occur.

A CAAC-OS observed with TEM is described below. FIG.
44 A shows a high-resolution TEM image of a cross section of
the CAAC-OS which is observed from a direction substan-
tially parallel to the sample surface. The high-resolution TEM
image is obtained with a spherical aberration corrector func-
tion. The high-resolution TEM image obtained with a spheri-
cal aberration corrector function is particularly referred to as
aCs-corrected high-resolution TEM image. The Cs-corrected
high-resolution TEM image can be obtained with, for
example, an atomic resolution analytical electron microscope
JEM-ARM200F manufactured by JEOL Ltd.

FIG. 44B is an enlarged Cs-corrected high-resolution TEM
image of aregion (1) in FIG. 44A. FIG. 44B shows that metal
atoms are arranged in a layered manner in a pellet. Each metal
atom layer has a configuration reflecting unevenness of a
surface over which the CAAC-OS is formed (hereinafter, the
surface is referred to as a formation surface) or a top surface
of the CAAC-OS, and is arranged parallel to the formation
surface or the top surface of the CAAC-OS.

As shown in FIG. 44B, the CAAC-OS has a characteristic
atomic arrangement. The characteristic atomic arrangement
is denoted by an auxiliary line in FIG. 44C. FIGS. 44B and
44C prove that the size of a pellet is approximately 1 nm to 3
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nm, and the size of a space caused by tilt of the pellets is
approximately 0.8 nm. Therefore, the pellet can also be
referred to as a nanocrystal (nc). Furthermore, the CAAC-OS
can also be referred to as an oxide semiconductor including
c-axis aligned nanocrystals (CANC).

Here, according to the Cs-corrected high-resolution TEM
images, the schematic arrangement of pellets 5100 of a
CAAC-OS over a substrate 5120 is illustrated by such a
structure in which bricks or blocks are stacked (see FIG.
44D). The part in which the pellets are tilted as observed in
FIG. 44C corresponds to a region 5161 shown in FIG. 44D.

FIG. 45A shows a Cs-corrected high-resolution TEM
image of a plane of the CAAC-OS observed from a direction
substantially perpendicular to the sample surface. FIGS. 45B,
45C, and 45D are enlarged Cs-corrected high-resolution
TEM images of regions (1), (2), and (3) in FIG. 45A, respec-
tively. FIGS. 45B, 45C, and 45D indicate that metal atoms are
arranged in a triangular, quadrangular, or hexagonal configu-
ration in a pellet. However, there is no regularity of arrange-
ment of metal atoms between different pellets.

Next, a CAAC-OS analyzed by X-ray diffraction (XRD) is
described. For example, when the structure of a CAAC-OS
including an InGaZnO, crystal is analyzed by an out-of-plane
method, a peak appears at a diffraction angle (20) of around
31°as shown in FIG. 46 A. This peak is derived from the (009)
plane ofthe InGaZnO,, crystal, which indicates that crystals in
the CAAC-OS have c-axis alignment, and that the c-axes are
aligned in a direction substantially perpendicular to the for-
mation surface or the top surface of the CAAC-OS.

Note that in structural analysis of the CAAC-OS by an
out-of-plane method, another peak may appear when 20 is
around 36°, in addition to the peak at 20 of around 31°. The
peak at 20 of around 36° indicates that a crystal having no
c-axis alignment is included in part of the CAAC-OS. It is
preferable that in the CAAC-OS analyzed by an out-of-plane
method, a peak appear when 26 is around 31° and that a peak
not appear when 20 is around 36°.

On the other hand, in structural analysis of the CAAC-OS
by an in-plane method in which an X-ray beam is incident on
a sample in a direction substantially perpendicular to the
c-axis, a peak appears when 20 is around 56°. This peak is
attributed to the (110) plane of the InGaZnO, crystal. In the
case of the CAAC-OS, when analysis (¢ scan) is performed
with 26 fixed at around 56° and with the sample rotated using
a normal vector of the sample surface as an axis (¢ axis), as
shown in FIG. 46B, a peak is not clearly observed. In contrast,
in the case of a single crystal oxide semiconductor of
InGaZnO,, when ¢ scan is performed with 26 fixed at around
56°, as shown in FIG. 46C, six peaks which are derived from
crystal planes equivalent to the (110) plane are observed.
Accordingly, the structural analysis using XRD shows that
the directions of a-axes and b-axes are irregularly oriented in
the CAAC-OS.

Next, a CAAC-OS analyzed by electron diffraction is
described. For example, when an electron beam with a probe
diameter of 300 nm is incident on a CAAC-OS including an
InGaZnO, crystal in a direction parallel to the sample surface,
a diffraction pattern (also referred to as a selected-area trans-
mission electron diffraction pattern) shown in FIG. 47A can
be obtained. In this diffraction pattern, spots derived from the
(009) plane of an InGaZnO, crystal are included. Thus, the
electron diffraction also indicates that pellets included in the
CAAC-OS have c-axis alignment and that the c-axes are
aligned in a direction substantially perpendicular to the for-
mation surface or the top surface of the CAAC-OS. Mean-
while, FIG. 47B shows a diffraction pattern obtained in such
a manner that an electron beam with a probe diameter of 300
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nm is incident on the same sample in a direction perpendicu-
lar to the sample surface. As shown in FIG. 47B, a ring-like
diffraction pattern is observed. Thus, the electron diffraction
also indicates that the a-axes and b-axes of the pellets
included in the CAAC-OS do not have regular alignment. The
first ring in FIG. 47B is considered to be derived from the
(010) plane, the (100) plane, and the like of the InGaZnO,
crystal. The second ring in FIG. 47B is considered to be
derived from the (110) plane and the like.

As described above, the CAAC-OS is an oxide semicon-
ductor with high crystallinity. Entry of impurities, formation
of defects, or the like might decrease the crystallinity of an
oxide semiconductor. This means that the CAAC-OS has
small amounts of impurities and defects (e.g., oxygen
vacancy).

Note that the impurity means an element other than the
main components of the oxide semiconductor, such as hydro-
gen, carbon, silicon, or a transition metal element. For
example, an element (specifically, silicon or the like) having
higher strength of bonding to oxygen than a metal element
included in an oxide semiconductor extracts oxygen from the
oxide semiconductor, which results in disorder of the atomic
arrangement and reduced crystallinity of the oxide semicon-
ductor. A heavy metal such as iron or nickel, argon, carbon
dioxide, or the like has a large atomic radius (or molecular
radius), and thus disturbs the atomic arrangement of the oxide
semiconductor and decreases crystallinity.

The characteristics of an oxide semiconductor having
impurities or defects might be changed by light, heat, or the
like. Impurities contained in the oxide semiconductor might
serve as carrier traps or carrier generation sources, for
example. Furthermore, oxygen vacancy in the oxide semicon-
ductor serve as carrier traps or serve as carrier generation
sources when hydrogen is captured therein.

The CAAC-OS having small amounts of impurities and
oxygen vacancy is an oxide semiconductor with low carrier
density (specifically, lower than 8x10'!/cm?®, preferably
lower than 1x10"!/cm?, further preferably lower than 1x10'°/
cm?, and is higher than or equal to 1x10~°/cm?®). Such an
oxide semiconductor is referred to as a highly purified intrin-
sic or substantially highly purified intrinsic oxide semicon-
ductor. A CAAC-OS has a low impurity concentration and a
low density of defect states. Thus, the CAAC-OS can be
referred to as an oxide semiconductor having stable charac-
teristics.
<nc-0S>

Next, an nc-OS is described.

An nc-OS has a region in which a crystal part is observed
and a region in which a crystal part is not clearly observed in
a high-resolution TEM image. In most cases, the size of a
crystal part included in the nc-OS is greater than or equal to 1
nm and less than or equal to 10 nm, or greater than or equal to
1 nm and less than or equal to 3 nm. Note that an oxide
semiconductor including a crystal part whose size is greater
than 10 nm and less than or equal to 100 nm is sometimes
referred to as a microcrystalline oxide semiconductor. In a
high-resolution TEM image of the nc-OS, for example, a
grain boundary is not clearly observed in some cases. Note
that there is a possibility that the origin of the nanocrystal is
the same as that of a pellet in a CAAC-OS. Therefore, a
crystal part of the nc-OS may be referred to as a pellet in the
following description.

In the nc-OS, a microscopic region (for example, a region
with a size greater than or equal to 1 nm and less than or equal
to 10 nm, in particular, a region with a size greater than or
equal to 1 nm and less than or equal to 3 nm) has a periodic
atomic arrangement. There is no regularity of crystal orien-
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tation between different pellets in the nc-OS. Thus, the ori-
entation of the whole film is not ordered. Accordingly, the
nc-OS cannot be distinguished from an a-like OS or an amor-
phous oxide semiconductor, depending on an analysis
method. For example, when the nc-OS is analyzed by an
out-of-plane method using an X-ray beam having a diameter
larger than the size of a pellet, a peak which shows a crystal
plane does not appear. Furthermore, a diffraction pattern like
a halo pattern is observed when the nc-OS is subjected to
electron diffraction using an electron beam with a probe
diameter (e.g., 50 nm or larger) that is larger than the size of
a pellet. Meanwhile, spots appear in a nanobeam electron
diffraction pattern of the nc-OS when an electron beam hav-
ing a probe diameter close to or smaller than the size of a
pellet is applied. Moreover, in a nanobeam electron diffrac-
tion pattern of the nc-OS, regions with high luminance in a
circular (ring) pattern are shown in some cases. Also in a
nanobeam electron diffraction pattern of the nc-OS, a plural-
ity of spots is shown in a ring-like region in some cases.

Since there is no regularity of crystal orientation between
the pellets (nanocrystals) as mentioned above, the nc-OS can
also be referred to as an oxide semiconductor including ran-
dom aligned nanocrystals (RANC) or an oxide semiconduc-
tor including non-aligned nanocrystals (NANC).

The nc-OS is an oxide semiconductor that has high regu-
larity as compared with an amorphous oxide semiconductor.
Therefore, the nc-OS is likely to have a lower density of
defect states than an a-like OS and an amorphous oxide semi-
conductor. Note that there is no regularity of crystal orienta-
tion between different pellets in the nc-OS. Therefore, the
nc-OS has a higher density of defect states than the CAAC-
OS.
<A-Like OS>

An a-like OS has a structure intermediate between those of
the nc-OS and the amorphous oxide semiconductor.

In a high-resolution TEM image of the a-like OS, a void
may be observed. Furthermore, in the high-resolution TEM
image, there are a region where a crystal part is clearly
observed and a region where a crystal part is not observed.

The a-like OS has an unstable structure because it includes
avoid. To verify that an a-like OS has an unstable structure as
compared with a CAAC-OS and an nc-OS, a change in struc-
ture caused by electron irradiation is described below.

An a-like OS (referred to as Sample A), an nc-OS (referred
to as Sample B), and a CAAC-OS (referred to as Sample C)
are prepared as samples subjected to electron irradiation.
Each of the samples is an In—Ga—7n oxide.

First, a high-resolution cross-sectional TEM image of each
sample is obtained. The high-resolution cross-sectional TEM
images show that all the samples have crystal parts.

Note that which part is regarded as a crystal part is deter-
mined as follows. It is known that a unit cell of an InGaZnO,
crystal has a structure in which nine layers including three
In—O layers and six Ga—Z7n—O layers are stacked in the
c-axis direction. The distance between the adjacent layers is
equivalent to the lattice spacing on the (009) plane (also
referred to as d value). The value is calculated to be 0.29 nm
from crystal structural analysis. Accordingly, a portion where
the lattice spacing between lattice fringes is greater than or
equal to 0.28 nm and less than or equal to 0.30 nm is regarded
as a crystal part of InGaZnO,,. Each of lattice fringes corre-
sponds to the a-b plane of the InGaZnO, crystal.

FIG. 70 shows change in the average size of crystal parts (at
22 points to 45 points) in each sample. Note that the crystal
part size corresponds to the length of a lattice fringe. FIG. 70
indicates that the crystal part size in the a-like OS increases
with an increase in the cumulative electron dose. Specifically,
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as shown by (1) in FIG. 70, a crystal part of approximately 1.2
nm (also referred to as an initial nucleus) at the start of TEM
observation grows to a size of approximately 2.6 nm at a
cumulative electron dose of 4.2x10® e”/nm>. In contrast, the
crystal part size in the nc-OS and the CAAC-OS shows little
change from the start of electron irradiation to a cumulative
electron dose 0of4.2x10® e=/nm?. Specifically, as shown by (2)
and (3) in FIG. 70, the average crystal sizes in an nc-OS and
aCAAC-OS are approximately 1.4 nm and approximately 2.1
nm, respectively, regardless of the cumulative electron dose.

In this manner, growth of the crystal part in the a-like OS is
induced by electron irradiation. In contrast, in the nc-OS and
the CAAC-OS, growth of the crystal part is hardly induced by
electron irradiation. Therefore, the a-like OS has an unstable
structure as compared with the nc-OS and the CAAC-OS.

The a-like OS has a lower density than the nc-OS and the
CAAC-OS because it includes a void. Specifically, the den-
sity ofthe a-like OS is higher than or equal to 78.6% and lower
than 92.3% of the density of the single crystal oxide semi-
conductor having the same composition. The density of each
of the nc-OS and the CAAC-OS is higher than or equal to
92.3% and lower than 100% of the density of the single
crystal oxide semiconductor having the same composition.
Note that it is difficult to deposit an oxide semiconductor
having a density of lower than 78% of the density of the single
crystal oxide semiconductor.

For example, in the case of an oxide semiconductor having
an atomic ratio of In:Ga:Zn=1:1:1, the density of single crys-
tal InGaZnO, with a rhombohedral crystal structure is 6.357
g/cm’. Accordingly, in the case of the oxide semiconductor
having an atomic ratio of In:Ga:Zn=1:1:1, the density of the
a-like OS is higher than or equal to 5.0 g/cm’ and lower than
5.9 g/cm®. For example, in the case of the oxide semiconduc-
tor having an atomic ratio of In:Ga:Zn=1:1:1, the density of
each of the nc-OS and the CAAC-OS is higher than or equal
to 5.9 g/cm® and lower than 6.3 g/cm?>.

Note that there is a possibility that an oxide semiconductor
having a certain composition cannot exist in a single crystal
structure. In that case, single crystal oxide semiconductors
with different compositions are combined at an adequate
ratio, which makes it possible to calculate density equivalent
to that of a single crystal oxide semiconductor with the
desired composition. The density of a single crystal oxide
semiconductor having the desired composition can be esti-
mated using a weighted average according to the combination
ratio of the single crystal oxide semiconductors with different
compositions. Note that it is preferable to use as few kinds of
single crystal oxide semiconductors as possible to estimate
the density.

As described above, oxide semiconductors have various
structures and various properties. Note that an oxide semi-
conductor may be a stacked layer including two or more of an
amorphous oxide semiconductor, an a-like OS, an nc-OS, and
a CAAC-OS, for example.

This embodiment can be combined with any of the other
embodiments described in this specification as appropriate.

Embodiment 9

A band structure of the transistor of one embodiment of the
present invention in an arbitrary cross section is described.

FIG. 48A is a cross-sectional view of a transistor including
an oxide semiconductor layer according to one embodiment
of the present invention.

The transistor illustrated in FIG. 48A includes an insulat-
ing layer 401 over a substrate 400, a conductive layer 404a
over the insulating layer 401, a conductive layer 4045 over the
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conductive layer 404q, an insulating layer 402a over the
insulating layer 401, the conductive layer 404a, and the con-
ductive layer 4045, an insulating layer 4025 over the insulat-
ing layer 4024, a semiconductor layer 406a over the insulat-
ing layer 4026, a semiconductor layer 4066 over the
semiconductor layer 406a, an insulating layer 412 over the
semiconductor layer 4065, a conductive layer 414a over the
insulating layer 412, a conductive layer 4145 over the con-
ductive layer 414a, an insulating layer 408 over the insulating
layer 4025, the semiconductor layer 406a, the semiconductor
layer 4064, the insulating layer 412, the conductive layer
414a, and the conductive layer 4145, an insulating layer 418
over the insulating layer 408, a conductive layer 41641 and a
conductive layer 41651 over the insulating layer 418, a con-
ductive layer 41642 and a conductive layer 41652 respec-
tively over the conductive layer 41641 and the conductive
layer 41651, and an insulating layer 428 over the insulating
layer 418, the conductive layer 41642, and the conductive
layer 41652.

In some cases, the insulating layer 401 has a function of
suppressing entry of impurities to a channel formation region
of' the transistor. In the case where the conductive layer 4045
or the like includes an impurity for the semiconductor layer
406a or 4065, such as copper, for example, the insulating
layer 401 may have a function ofblocking copper and the like.

The stacked conductive layers 404a and 4045 are collec-
tively referred to as a conductive layer 404. The conductive
layer 404 has a function of a gate electrode of the transistor in
some cases. The conductive layer 404 has a function of
shielding the channel formation region of the transistor from
light in some cases.

The insulating layers 402a and 4025 are collectively
referred to as an insulating layer 402. The insulating layer 402
has a function of a gate insulating layer of the transistor in
some cases. Furthermore, in some cases, the insulating layer
402a has a function of suppressing entry of impurities to the
channel formation region of the transistor. In the case where
the conductive layer 4045 or the like includes an impurity for
the semiconductor layer 406a or 4065, such as copper, for
example, the insulating layer 402a has a function of blocking
copper or the like in some cases.

The semiconductor layers 406a and 4065 are collectively
referred to as a semiconductor layer 406. In some cases, the
semiconductor layer 406 has a function of the channel for-
mation region of the transistor. For example, the semiconduc-
tor layer 4064 and the semiconductor layer 4065 correspond
to the oxide semiconductor layer 1305 and the oxide semi-
conductor layer 130c¢ described in the above embodiment,
respectively.

The semiconductor layer 4064 includes a region 40741 and
a region 40751 which overlap none of the insulating layer
412, the conductive layer 414a, the conductive layer 4145,
and the like. Furthermore, the semiconductor layer 4065
includes a region 40742 and a region 40752 which overlap
none of the insulating layer 412, the conductive layer 414a,
the conductive layer 4145, and the like. The region 40741 and
the region 40751 have lower resistance than the region over-
lapping the insulating layer 412, the conductive layer 414a,
the conductive layer 4145, and the like in the semiconductor
layer 406a. The region 40742 and the region 40752 have
lower resistance than the region overlapping the insulating
layer 412, the conductive layer 4144, the conductive layer
4145, and the like in the semiconductor layer 4065. Note that
the region with low resistance can also be referred to as a
region with high carrier density.

The region 407al and the region 40742 are collectively
referred to as a region 407a. The region 40751 and the region
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40752 are collectively referred to as a region 4075. The region
407a and the region 4075 have functions of the source region
and the drain region of the transistor, in some cases.

The conductive layers 414a and 4145 are collectively
referred to as a conductive layer 414. The conductive layer
414 has a function of a gate electrode of the transistor in some
cases. The conductive layer 414 has a function of shielding
the channel formation region of the transistor from light in
some cases.

The insulating layer 412 has a function of a gate insulating
layer of the transistor in some cases.

In some cases, the insulating layer 408 has a function of
suppressing entry of impurities to the channel formation
region of the transistor. In the case where the conductive layer
41642, the conductive layer 41652, or the like includes an
impurity for the semiconductor layer 406a or 4065, such as
copper, for example, the insulating layer 408 has a function of
blocking copper or the like in some cases.

The insulating layer 418 has a function of an interlayer
insulating layer of the transistor, in some cases. For example,
parasitic capacitance between wirings of the transistor can be
reduced by the insulating layer 418 in some cases.

The conductive layers 416al and 41642 are collectively
referred to as a conductive layer 416a. The conductive layers
41651 and 41652 are collectively referred to as a conductive
layer 4165b. The conductive layer 416a and the conductive
layer 4165 have functions of the source electrode and the
drain electrode of the transistor, in some cases.

In some cases, the insulating layer 428 has a function of
suppressing entry of impurities to the channel formation
region of the transistor.

Now, a band structure in the P1-P2 cross section including
the channel formation regions of the transistor is illustrated in
FIG. 48B. Here, the semiconductor layer 4064 has a slightly
narrower energy gap than the semiconductor layer 4065. Fur-
thermore, the insulating layer 4024, the insulating layer 4025,
and the insulating layer 412 are assumed to have wider energy
gaps than the semiconductor layer 4064 and the semiconduc-
tor layer 4065. The Fermi levels (denoted by Ef) of the semi-
conductor layer 406a, the semiconductor layer 4065, the
insulating layer 402a, the insulating layer 4024, and the insu-
lating layer 412 are assumed to be equal to the intrinsic Fermi
levels thereof (denoted by Ei). Work functions of the conduc-
tive layer 404 and the conductive layer 414 are assumed equal
to the Fermi levels.

When a gate voltage is set to be higher than or equal to the
threshold voltage of the transistor, an electron flows prefer-
entially in the semiconductor layer 406a owing to the differ-
ence between the energies of the conduction band minimums
of the semiconductor layers 406a and 4065. That is, it is
probable that an electron is embedded in the semiconductor
layer 406a. Note that the energy at the conduction band mini-
mum is denoted by Ec, and the energy at the valence band
maximum is denoted by Ev.

Accordingly, in the transistor according to one embodi-
ment of the present invention, the electronic embedding
reduces the influence of interface scattering. Therefore, the
channel resistance of the transistor according to one embodi-
ment of the present invention is low.

Next, FIG. 48C shows a band structure in the Q1-Q2 cross
section including the source region or the drain region of the
transistor. Note that the regions 40741, 40751, 40742, and
40752 are in a degenerate state. Furthermore, the Fermi level
of the semiconductor layer 406a is assumed to be approxi-
mately the same as the energy of the conduction band mini-
mum in the region 40751. Furthermore, the Fermi level of the
semiconductor layer 4065 is assumed to be approximately the
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same as the energy of the conduction band minimum in the
region 40752. The same can apply to the regions 40741 and
407a2.

At this time, an ohmic contact is made between the con-
ductive layer 4165 functioning as a source electrode or adrain
electrode and the region 40752 because an energy barrier
therebetween is sufficiently low. Furthermore, an ohmic con-
tact is made between the region 40752 and the region 40751.
Similarly, an ohmic contact is made between the conductive
layer 416a functioning as a source electrode or a drain elec-
trode and the region 407a2 because an energy barrier ther-
ebetween is sufficiently low. Furthermore, an ohmic contact
is made between the region 40742 and the region 40741.
Therefore, electron transfer is conducted smoothly between
the conductive layers 416a and 4165 and the semiconductor
layers 4064 and 4065.

As described above, the transistor according to one
embodiment of the present invention is a transistor in which
the channel resistance is low and electron transfer between
the channel formation region and the source and the drain
electrodes is conducted smoothly. That is, the transistor has
excellent switching characteristics.

This embodiment can be combined with any of the other
embodiments in this specification as appropriate.

Embodiment 10

In this embodiment, effects of oxygen vacancy in an oxide
semiconductor layer and hydrogen to which the oxygen
vacancy is bonded are described below.
<(1) Ease of Formation and Stability of V_H>

Inthe case where an oxide semiconductor film (hereinafter
referred to as IGZ0) is a complete crystal, H preferentially
diffuses along the a-b plane at a room temperature. In heat
treatment at 450° C., H diffuses along the a-b plane and in the
c-axis direction. Here, description is made on whether H
easily enters oxygen vacancy V, if the oxygen vacancy V,
exists in IGZO. A state in which H is in oxygen vacancy V , is
referred to as V_H.

An InGaZnO, crystal model shown in FIG. 49 was used for
calculation. The activation barrier (E ) along the reaction path
where H in V_H is released from V, and bonded to oxygen
was calculated by a nudged elastic band (NEB) method. The
calculation conditions are shown in Table 1.

TABLE 1
Software VASP
Calculation method NEB method
Functional GGA-PBE
Pseudopotential PAW
Cut-off energy 500 eV
k point 2x2x%x3

In the InGaZnO, crystal model, there are oxygen sites 1 to
4 as shown in FIG. 49 which differ from each other in metal
elements bonded to oxygen and the number of bonded metal
elements. Here, calculation was made on the oxygen sites 1
and 2 in which oxygen vacancy V,, is easily formed.

First, calculation was made on the oxygen site 1 in which
oxygen vacancy V, is easily formed, which is herein the
oxygen site that was bonded to three In atoms and one Zn
atom.

FIG. 50A shows a model in the initial state and FIG. 50B
shows a model in the final state. FIG. 51 shows the calculated
activation barrier (E,) in the initial state and the final state.
Note that here, the initial state refers to a state in which H
exists in oxygen vacancy V, (V_H), and the final state refers
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to a structure including oxygen vacancy V, and a state in
which H is bonded to oxygen bonded to one Ga atom and two
Zn atoms (H—O).

From the calculation results, bonding of H in oxygen
vacancy V, to another oxygen atom needs an energy of
approximately 1.52 eV, while entry of H bonded to O into
oxygen vacancy V, needs an energy of approximately 0.46
eV.

Reaction frequency (I') was calculated with use of the
activation barriers (E,) obtained by the calculation and For-
mula 1. In Formula 1, kj represents the Boltzmann constant
and T represents the absolute temperature.

[Formula 1]

The reaction frequency at 350° C. was calculated on the
assumption that the frequency factor v—=10" [I/sec]. The fre-
quency of H transfer from the model shown in FIG. 50A to the
model shown in FIG. 50B was 5.52x10° [I/sec], whereas the
frequency of H transfer from the model shown in FIG. 50B to
the model shown in FIG. 50A was 1.82x10° [I/sec]. This
suggests that H diffusing in IGZO is likely to form V H if
oxygen vacancy V, exists in the neighborhood, and H is
unlikely to be released from the oxygen vacancy V, once V_H
is formed.

Next, calculation was made on the oxygen site 2 in which
oxygen vacancy V, is easily formed, which is herein the
oxygen site that was bonded to one Ga atom and two Zn
atoms.

FIG. 52A shows a model in the initial state and FIG. 52B
shows a model in the final state. FIG. 53 shows the calculated
activation barrier (E,) in the initial state and the final state.
Note that here, the initial state refers to a state in which H
exists in oxygen vacancy V, (V_H), and the final state refers
to a structure including oxygen vacancy V, and a state in
which H is bonded to oxygen bonded to one Ga atom and two
Zn atoms (H—O).

From the calculation results, bonding of H in oxygen
vacancy V, to another oxygen atom needs an energy of
approximately 1.75 eV, while entry of H bonded to O in
oxygen vacancy V, needs an energy of approximately 0.35
eV.

Reaction frequency (I') was calculated with use of the
activation barriers (E,) obtained by the calculation and For-
mula 1.

The reaction frequency at 350° C. was calculated on the
assumption that the frequency factor v=10" [I/sec]. The fre-
quency of H transfer from the model shown in FIG. 52A to the
model shown in FIG. 52B was 7.53x1072 [I/sec], whereas the
frequency of H transfer from the model shown in FIG. 52B to
the model shown in FIG. 52A was 1.44x10'° [I/sec]. This
suggests that H is unlikely to be released from the oxygen
vacancy V, once V_H is formed.

From the above results, it was found that H in IGZO easily
diffused in annealing and if oxygen vacancy V, existed, H
was likely to enter the oxygen vacancy V,_ to be V_ H.
<(2) Transition Level of V_H>

The calculation by the NEB method, which was described
in <(1) Ease of formation and stability of V_H>, indicates that
in the case where oxygen vacancy V,, and H exist in IGZO, the
oxygen vacancy V, and H easily form V_ H and V_H is stable.
To determine whether V_H is related to a carrier trap, the
transition level of V_H was calculated.
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The model used for calculation is an InGaZnO, crystal
model (112 atoms). V_H models of the oxygen sites 1 and 2
shown in FIG. 49 were made to calculate the transition levels.
The calculation conditions are shown in Table 2.

TABLE 2
Software VASP
Model InGaZnO, crystal (112 atoms)
Functional HSE06
Ratio of exchange terms 0.25
Pseudopotential GGA-PBE
Cut-off energy 800 eV

k point I1x1x1

The ratio of exchange terms was adjusted to have a band
gap close to the experimental value. As a result, the band gap
of'the InGaZnO, crystal model without defects was 3.08 eV
that was close to the experimental value, 3.15 eV.

The transition level (E(q/q')) of a model having defect D
can be calculated by the following Formula 2. Note that
AE(D?) represents the formation energy of defect D at charge
q, which is calculated by Formula 3.

AE(DT) - AE(DT) [Formula 2]

lglg) = pr
AE(DY) = [Formula 3]

Eypi(D) = Eyge(bull) + > Anigt; + qleyay +AV, + Er)
t

InFormulae 2 and 3, E,_,(D7) represents the total energy of
the model having defect D at the charge q in, E, (bulk)
represents the total energy in a model without defects (com-
plete crystal), An, represents a change in the number of atoms
i contributing to defects, |, represents the chemical potential
of atom i, €,4,, represents the energy of the valence band
maximum in the model without defects, AV, represents the
correction term relating to the electrostatic potential, and E
represents the Fermi energy.

FIG. 54 shows the transition levels of V H obtained from
the above formulae. The numbers in FIG. 54 represent the
depth from the conduction band minimum. In FIG. 54, the
transition level of V_H in the oxygen site 1 is at 0.05 eV from
the conduction band minimum, and the transition level of
V_H in the oxygen site 2 is at 0.11 eV from the conduction
band minimum. Therefore, these V_H seems to be related to
electron traps, that is, V_H seems to behave as a donor. Fur-
thermore, IGZO including V_H has conductivity.

This embodiment can be combined as appropriate with any
of the other embodiments in this specification.

Embodiment 11

Deposition Model

Examples of deposition models of a CAAC-OS and nc-OS
are described below.

FIG. 55A is a schematic diagram of a deposition chamber
illustrating a state where the CAAC-OS film is formed by a
sputtering method.

A target 5130 is attached to a backing plate. Under the
target 5130 and the backing plate, a plurality of magnets are
provided. The plurality of magnets cause a magnetic field
over the target 5130. A sputtering method in which the dis-
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position speed is increased by utilizing a magnetic field of
magnets is referred to as a magnetron sputtering method.

The target 5130 has a polycrystalline structure in which a
cleavage plane exists in at least one crystal grain. Note that the
details of the cleavage plane are described later.

A substrate 5120 is placed to face the target 5130, and the
distance d (also referred to as a target-substrate distance (T-S
distance)) is greater than or equal to 0.01 m and less than or
equal to 1 m, preferably greater than or equal to 0.02 m and
less than or equal to 0.5 m. The deposition chamber is mostly
filled with a deposition gas (e.g., an oXygen gas, an argon gas,
or a mixed gas containing oxygen at 50 vol % or higher) and
controlled to higher than or equal to 0.01 Pa and lower than or
equal to 100 Pa, preferably higher than or equal to 0.1 Pa and
lower than or equal to 10 Pa. Here, discharge starts by appli-
cation of a voltage at a certain value or higher to the target
5130, and plasma is observed. Note that the magnetic field
over the target 5130 forms a high-density plasma region. In
the high-density plasma region, the deposition gas is ionized,
so that an ion 5101 is generated. Examples of the ion 5101
include an oxygen cation (O*) and an argon cation (Ar™).

The ion 5101 is accelerated to the target 5130 side by an
electric field, and collides with the target 5130 eventually. At
this time, a pellet 5100a and a pellet 51005 which are flat-
plate-like or pellet-like sputtered particles are separated and
sputtered from the cleavage plane. Note that structures of the
pellet 5100a and the pellet 51005 may be distorted by an
impact of collision of the ion 5101.

The pellet 5100q¢ is a flat-plate-like or pellet-like sputtered
particle having a triangle plane, e.g., a regular triangle plane.
The pellet 51005 is a flat-plate-like or pellet-like sputtered
particle having a hexagon plane, e.g., regular hexagon plane.
Note that flat-plate-like or pellet-like sputtered particles such
as the pellet 51004 and the pellet 51005 are collectively called
pellets 5100. The shape of a flat plane of the pellet 5100 is not
limited to a triangle or a hexagon. For example, the flat plane
may have a shape formed by combining greater than or equal
to 2 and less than or equal to 6 triangles. For example, a square
(thombus) is formed by combining two triangles (regular
triangles) in some cases.

The thickness of the pellet 5100 is determined depending
on the kind of the deposition gas and the like. The thicknesses
of'the pellets 5100 are preferably uniform; the reasons thereof
are described later. In addition, the sputtered particle prefer-
ably has a pellet shape with a small thickness as compared to
a dice shape with a large thickness.

The pellet 5100 receives charge when passing through the
plasma, so that side surfaces of the pellet 5100 are negatively
or positively charged in some cases. The pellet 5100 includes
an oxygen atom on its side surface, and the oxygen atom may
be negatively charged. For example, a case in which the pellet
5100q includes, on its side surfaces, oxygen atoms that are
negatively charged is illustrated in FIG. 57. As in this view,
when the side surfaces are charged in the same polarity,
charges repel each other, and accordingly, the pellet can main-
tain a flat-plate shape. In the case where a CAAC-OS is an
In—Ga—7n oxide, there is a possibility that an oxygen atom
bonded to an indium atom is negatively charged. There is
another possibility that an oxygen atom bonded to an indium
atom, a gallium atom, or a zinc atom is negatively charged.

As shown in FIG. 64A, the pellet 5100 flies like a kite in
plasma and flutters up to the substrate 5120. Since the pellets
5100 are charged, when the pellet 5100 gets close to a region
where another pellet 5100 has already been deposited, repul-
sion is generated. Here, above the substrate 5120, a magnetic
field is generated in a direction parallel to a top surface of the
substrate 5120. A potential difference is given between the

10

15

20

25

30

35

40

45

50

55

60

65

58

substrate 5120 and the target 5130, and accordingly, current
flows from the substrate 5120 toward the target 5130. Thus,
the pellet 5100 is given a force (Lorentz force) on the top
surface of the substrate 5120 by an effect of the magnetic field
and the current (see FIG. 58). This is explainable with Flem-
ing’s left-hand rule. In order to increase a force applied to the
pellet 5100, it is preferable to provide, on the top surface, a
region where the magnetic field in a direction parallel to the
top surface of the substrate 5120 is 10 G or higher, preferably
20 G or higher, further preferably 30 G or higher, still further
preferably 50 G or higher. Alternatively, it is preferable to
provide, on the top surface, a region where the magnetic field
in a direction parallel to the top surface of the substrate is 1.5
times or higher, preferably twice or higher, further preferably
3 times or higher, still further preferably 5 times or higher as
high as the magnetic field in a direction perpendicular to the
top surface of the substrate 5120.

Furthermore, the substrate 5120 is heated, and resistance
such as friction between the pellet 5100 and the substrate
5120 is low. As a result, as illustrated in FIG. 59A, the pellet
5100 glides above the surface of the substrate 5120. The glide
of'the pellet 5100 is caused in a state where the flat plane faces
the substrate 5120. Then, as illustrated in FIG. 59B, when the
pellet 5100 reaches the side surface of another pellet 5100 that
has been already deposited, the side surfaces of the pellets
5100 are bonded. At this time, the oxygen atom on the side
surface of the pellet 5100 is released. With the released oxy-
gen atom, oxygen vacancy in a CAAC-OS is filled in some
cases; thus, the CAAC-OS has a low density of defect states.

Further, the pellet 5100 is heated on the substrate 5120,
whereby atoms are rearranged, and the structure distortion
caused by the collision of the ion 5101 can be reduced. The
pellet 5100 whose structure distortion is reduced is substan-
tially single crystal. Even when the pellets 5100 are heated
after being bonded, expansion and contraction of the pellet
5100 itself hardly occur, which is caused by turning the pellet
5100 into substantially single crystal. Thus, formation of
defects such as a grain boundary due to expansion of a space
between the pellets 5100 can be prevented, and accordingly,
generation of crevasses can be prevented. Further, the spaceis
filled with elastic metal atoms and the like, whereby the
elastic metal atoms have a function, like a highway, of joint-
ing side surfaces of the pellets 5100 which are not aligned
with each other.

It is considered that as shown in such a model, the pellets
5100 are deposited over the substrate 5120. Thus, a CAAC-
OS film can be deposited even when a surface over which a
film is formed (film formation surface) does not have a crystal
structure, which is different from film deposition by epitaxial
growth. For example, even when a surface (film formation
surface) of the substrate 5120 has an amorphous structure, a
CAAC-OS film can be formed.

Further, it is found that in formation of the CAAC-OS, the
pellets 5100 are arranged in accordance with a surface shape
of the substrate 5120 that is the film formation surface even
when the film formation surface has unevenness besides a flat
surface. For example, in the case where the surface of the
substrate 5120 is flat at the atomic level, the pellets 5100 are
arranged so that flat planes parallel to the a-b plane face
downwards; thus, a layer with a uniform thickness, flatness,
and high crystallinity is formed. By stacking n layers (n is a
natural number), the CAAC-OS can be obtained (see FIG.
64B).

In the case where the top surface of the substrate 5120 has
unevenness, a CAAC-OS where n layers (n is a natural num-
ber) in each of which the pellets 5100 are arranged along a
convex surface are stacked is formed. Since the substrate
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5120 has unevenness, a gap is easily generated between in the
pellets 5100 in the CAAC-OS in some cases. Note that owing
to intermolecular force, the pellets 5100 are arranged so that
a gap between the pellets is as small as possible even on the
unevenness surface. Therefore, even when the formation sur-
face has unevenness, a CAAC-OS with high crystallinity can
be formed.

Asaresult, laser crystallization is not needed for formation
of a CAAC-OS, and a uniform film can be formed even over
a large-sized glass substrate.

Since the CAAC-OS film is deposited in accordance with
such a model, the sputtered particle preferably has a pellet
shape with a small thickness. Note that in the case where the
sputtered particle has a dice shape with a large thickness,
planes facing the substrate 5120 are not uniform and thus, the
thickness and the orientation of the crystals cannot be uni-
form in some cases.

According to the deposition model described above, a
CAAC-OS with high crystallinity can be formed even on a
film formation surface with an amorphous structure.

Further, formation of a CAAC-OS can be described with a
deposition model including a zinc oxide particle besides the
pellet 5100.

The zinc oxide particle reaches the substrate 5120 before
the pellet 5100 does because the zinc oxide particle is smaller
than the pellet 5100 in mass. On the surface of the substrate
5120, crystal growth of the zinc oxide particle preferentially
occurs in the horizontal direction, so that a thin zinc oxide
layer is formed. The zinc oxide layer has c-axis alignment.
Note that c-axes of crystals in the zinc oxide layer are aligned
in the direction parallel to a normal vector of the substrate
5120. The zinc oxide layer serves as a seed layer that makes
a CAAC-OS grow and thus has a function of increasing
crystallinity of the CAAC-OS. The thickness of the zinc oxide
layer is greater than or equal to 0.1 nm and less than or equal
to 5 nm, mostly greater than or equal to 1 nm and less than or
equal to 3 nm. Since the zinc oxide layer is sufficiently thin, a
grain boundary is hardly observed.

Thus, in order to deposit a CAAC-OS with high crystallin-
ity, a target containing zinc at a proportion higher than that of
the stoichiometric composition is preferably used.

An nc-OS can be understood with a deposition model
illustrated in FIG. 56. Note that a difference between FIG. 56
and FIG. 64A lies only in the fact that whether the substrate
5120 is heated or not.

Thus, the substrate 5120 is not heated, and a resistance such
as friction between the pellet 5100 and the substrate 5120 is
high. As a result, the pellets 5100 cannot glide on the surface
of'the substrate 5120 and are stacked randomly, thereby form-
ing an nc-OS.
<Cleavage Plane>

A cleavage plane that has been mentioned in the deposition
model of the CAAC-OS will be described below.

First, a cleavage plane of the target is described with ref-
erence to FIGS. 60A and 60B. FIGS. 60A and 60B show the
crystal structure of InGaZnO,,. Note that FIG. 60A shows the
structure of the case where an InGaZnO,, crystal is observed
from a direction parallel to the b-axis when the c-axis is in an
upward direction. Furthermore, FIG. 60B shows the structure
of the case where the InGaZnO, crystal is observed from a
direction parallel to the c-axis.

Energy needed for cleavage at each of crystal planes of the
InGaZnO, crystal is calculated by the first principles calcu-
lation. Note that a “pseudopotential” and density functional
theory program (CASTEP) using the plane wave basis are
used for the calculation. Note that an ultrasoft type pseudo-
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potential is used as the pseudopotential. Further, GGA/PBE is
used as the functional. Cut-off energy is 400 eV.

Energy of a structure in an initial state is obtained after
structural optimization including a cell size is performed.
Further, energy of a structure after the cleavage at each plane
is obtained after structural optimization of atomic arrange-
ment is performed in a state where the cell size is fixed.

On the basis of the structure of the InGaZnO, crystal in
FIGS. 60A and 60B, a structure cleaved at any one of a first
plane, a second plane, a third plane, and a fourth plane is
formed and subjected to structural optimization calculation in
which the cell size is fixed. Here, the first plane is a crystal
plane between a Ga—Z7n—O layer and an In—O layer and is
parallel to the (001) plane (or the a-b plane) (see FIG. 60A).
The second plane is a crystal plane between a Ga—Z7n—0
layer and a Ga—7n—O layer and is parallel to the (001) plane
(or the a-b plane) (see FIG. 60A). The third plane is a crystal
plane parallel to the (110) plane (see FIG. 60B). The fourth
plane is a crystal plane parallel to the (100) plane (or the b-c
plane) (see FIG. 60B).

Under the above conditions, the energy of the structure at
each plane after the cleavage is calculated. Next, a difference
between the energy of the structure after the cleavage and the
energy of the structure in the initial state is divided by the area
of the cleavage plane; thus, cleavage energy which serves as
a measure of easiness of cleavage at each plane is calculated.
Note that the energy of a structure indicates energy obtained
in such a manner that electronic kinetic energy of electrons
included in the structure and interactions between atoms
included in the structure, between the atom and the electron,
and between the electrons are considered.

As calculation results, the cleavage energy of the first plane
was 2.60 J/m?, that of the second plane was 0.68 J/m?, that of
the third plane was 2.18 J/m?, and that of the fourth plane was
2.12 J/m? (see Table 3).

TABLE 3

Cleavage energy [J/m?]

first plane 2.60
second plane 0.68
third plane 2.18
Fourth plane 2.12

From the calculations, in the structure of the InGaZnO,
crystal in FIGS. 60A and 60B, the cleavage energy of the
second plane is the lowest. In other words, a plane between a
Ga—Zn—O0 layer and a Ga—Z7n—O layer is cleaved most
easily (cleavage plane). Therefore, in this specification, the
cleavage plane indicates the second plane, which is a plane
where cleavage is performed most easily.

Since the cleavage plane is the second plane between the
Ga—Zn—O0 layer and the Ga—Z7n—0O layer, the InGaZnO,
crystals in FIG. 60A can be separated at a plane equivalent to
two second planes. Therefore, in the case where an ion or the
like is made to collide with a target, a wafer-like unit (we call
this a pellet) which is cleaved at a plane with the lowest
cleavage energy is thought to be blasted off as the minimum
unit. In that case, a pellet of InGaZnO, includes three layers:
aGa—7n—O layer, an In—O layer, and a Ga—Zn—O layer.

The cleavage energies of the third plane (crystal plane
parallel to the (110) plane) and the fourth plane (crystal plane
parallel to the (100) plane (or the b-¢ plane)) are lower than
that of the first plane (crystal plane between the Ga—Z7n—O
layer and the In—O layer and plane that is parallel to the (001)
plane (or the a-b plane)), which suggests that most of the flat
planes of the pellets have triangle shapes or hexagonal shapes.



US 9,425,226 B2

61

Next, through classical molecular dynamics calculation,
on the assumption of an InGaZnO, crystal having a homolo-
gous structure as a target, a cleavage plane in the case where
the target is sputtered using argon (Ar) or oxygen (O) is
examined. FIG. 61A shows a cross-sectional structure of an
InGaZnO, crystal (2688 atoms) used for the calculation, and
FIG. 61B shows a top structure thereof. Note that a fixed layer
in FIG. 61A prevents the positions of the atoms from moving.
A temperature control layer in FIG. 61A is a layer whose
temperature is constantly set to fixed temperature (300 K).

For the classical molecular dynamics calculation, Materi-
als Explorer 5.0 manufactured by Fujitsu Limited. is used.
Note that the initial temperature, the cell size, the time step
size, and the number of steps are set to be 300 K, a certain size,
0.01 fs, and ten million, respectively. In calculation, an atom
to which an energy 0f 300 eV is applied is made to enter a cell
from a direction perpendicular to the a-b plane of the
InGaZnO, crystal under the above-mentioned conditions.

FIG. 62A shows atomic order when 99.9 picoseconds have
passed after argon enters the cell including the InGaZnO,
crystal in FIGS. 61A and 61B. FIG. 62B shows atomic order
when 99.9 picoseconds have passed after oxygen enters the
cell. Note that in FIGS. 62A and 62B, part of the fixed layer
in FIG. 61A is omitted.

According to FIG. 62A, in a period from entry of argon into
the cell to when 99.9 picoseconds have passed, a crack is
formed from the cleavage plane corresponding to the second
plane in FIG. 60A. Thus, in the case where argon collides with
the InGaZnO, crystal and the uppermost surface is the second
plane (the zero-th), a large crack is found to be formed in the
second plane (the second).

On the other hand, according to FIG. 62B, in a period from
entry of oxygen into the cell to when 99.9 picoseconds have
passed, a crack is found to be formed from the cleavage plane
corresponding to the second plane in FIG. 60A. Note that in
the case where oxygen collides with the cell, a large crack is
found to be formed in the second plane (the first) of the
InGaZnO, crystal.

Accordingly, it is found that an atom (ion) collides with a
target including an InGaZnO, crystal having a homologous
structure from the upper surface of the target, the InGaZnO,,
crystal is cleaved along the second plane, and a flat-plate-like
sputtered particle (pellet) is separated. It is also found that the
pellet formed in the case where oxygen collides with the cell
is smaller than that formed in the case where argon collides
with the cell.

The above calculation suggests that the separated pellet
includes a damaged region. In some cases, the damaged
region included in the pellet can be repaired in such a manner
that a defect caused by the damage reacts with oxygen.

Here, difference in size of the pellet depending on atoms
which are made to collide is studied.

FIG. 63 A shows trajectories of the atoms from 0 picosec-
ond to 0.3 picoseconds after argon enters the cell including
the InGaZnO, crystal in FIGS. 61A and 61B. Accordingly,
FIG. 63 A corresponds to a period from FIGS. 61A and 61B to
FIG. 62A.

According to FIG. 63A, when argon collides with gallium
(Ga) of the first layer (Ga—Zn—O layer), gallium collides
with zinc (Zn) of the third layer (Ga—Zn—O layer) and then,
zinc reaches the vicinity of the sixth layer (Ga—Zn—O
layer). Note that the argon which collides with the gallium is
sputtered to the outside. Accordingly, in the case where argon
collides with the target including the InGaZnO, crystal, a
crack is thought to be formed in the second plane (the second)
in FIG. 61A.
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FIG. 63B shows trajectories of the atoms from 0 picosec-
ond to 0.3 picoseconds after oxygen enters the cell including
the InGaZnO, crystal in FIGS. 61A and 61B. Accordingly,
FIG. 63B corresponds to a period from FIGS. 61A and 61B to
FIG. 62A.

On the other hand, according to FIG. 63B, when oxygen
collides with gallium (Ga) of the first layer (Ga—Zn—0O
layer), gallium collides with zinc (Zn) of the third layer (Ga—
Zn—oO layer) and then, zinc does not reach the fifth layer
(In—O0 layer). Note that the oxygen which collides with the
gallium is sputtered to the outside. Accordingly, in the case
where oxygen collides with the target including the
InGaZnO, crystal, a crack is thought to be formed in the
second plane (the first) in FIG. 61A.

This calculation also shows that the InGaZnO,, crystal with
which an atom (ion) collides is separated from the cleavage
plane.

In addition, a difference in depth of a crack is examined in
view of conservation laws. The energy conservation law and
the law of conservation of momentum can be represented by
the following Formula 4 and the following Formula 5. Here,
E represents energy of argon or oxygen before collision (300
eV), m, represents mass of argon or oxygen, v , represents the
speed of argon or oxygen before collision, v', represents the
speed of argon or oxygen after collision, m, represents mass
of gallium, v, represents the speed of gallium before colli-
sion, and V', represents the speed of gallium after collision.

1 , 1 » [Formula 4]
E= EmAvA + szaVGa
MAVA +MGaVGg = MaVy + MGaVe, [Formula 5]

On the assumption that collision of argon or oxygen is
elastic collision, the relationship among v ,, v';, V5., and v' 5,
can be represented by the following Formula 6.

ViV VaVea) [Formula 6]

From the formulae 4, 5, and 6, the speed of gallium v',
after collision of argon or oxygen can be represented by the
following Formula 7.

N [Formula 7]
oy = —T 5 \2E
ma +mcg

In Formula 7, mass of argon or oxygen is substituted into
m ,, whereby the speeds after collision of the atoms are com-
pared. In the case where the argon and the oxygen have the
same energy before collision, the speed of gallium in the case
where argon collides with the gallium was found to be 1.24
times as high as that in the case where oxygen collides with
the gallium. Thus, the energy of the gallium in the case where
argon collides with the gallium is higher than that in the case
where oxygen collides with the gallium by the square of the
speed.

The speed (energy) of gallium after collision in the case
where argon collides with the gallium is found to be higher
than that in the case where oxygen collides with the gallium.
Accordingly, it is considered that a crack is formed at a deeper
position in the case where argon collides with the gallium
than in the case where oxygen collides with the gallium.

The above calculation shows that when sputtering is per-
formed using a target including the InGaZnO, crystal having
a homologous structure, separation occurs from the cleavage



US 9,425,226 B2

63

plane to form a pellet. On the other hand, even when sputter-
ing is performed on a region having another structure of a
target without the cleavage plane, a pellet is not formed, and
a sputtered particle with an atomic-level size which is minuter
than a pellet is formed. Because the sputtered particle is
smaller than the pellet, the sputtered particle is thought to be
removed through a vacuum pump connected to a sputtering
apparatus. Therefore, a model in which particles with a vari-
ety of sizes and shapes fly to a substrate and are deposited
hardly applies to the case where sputtering is performed using
atarget including the InGaZnO, crystal having a homologous
structure. The model illustrated in FIG. 64A where sputtered
pellets are deposited to form a CAAC-OS is a reasonable
model.

The CAAC-OS deposited in such a manner has a density
substantially equal to that of a single crystal OS. For example,
the density of the single crystal OS film having a homologous
structure of InGaZnO,, is 6.36 g/cm>, and the density of the
CAAC-OS film having substantially the same atomic ratio is
approximately 6.3 g/cm®.

FIGS. 64A and 64B show atomic order of cross sections of
an In—Ga—7n oxide (see FIG. 64A) that is a CAAC-OS
deposited by sputtering and a target thereof (see FIG. 64B).
For observation of atomic arrangement, a high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) is used. In the case of observation by
HAADF-STEM, the intensity of an image of each atom is
proportional to the square of'its atomic number. Therefore, Zn
(atomic number: 30) and Ga (atomic number: 31), whose
atomic numbers are close to each other, are hardly distin-
guished from each other. A Hitachi scanning transmission
electron microscope HD-2700 is used for the HAADF-
STEM.

When FIG. 64A and FIG. 64B are compared, it is found
that the CAAC-OS and the target each have a homologous
structure and atomic order in the CAAC-OS correspond to
that in the target. Thus, as illustrated in the deposition model
in FIG. 55A, the crystal structure of the target is transferred,
whereby a CAAC-OS is formed.

This embodiment can be combined as appropriate with any
of the other embodiments in this specification.

Embodiment 12

An imaging device according to one embodiment of the
present invention and a semiconductor device including the
imaging device can be used for display devices, personal
computers, and image reproducing devices provided with
recording media (typically, devices that reproduce the content
of'recording media such as digital versatile discs (DVDs) and
have displays for displaying the reproduced images). Other
than the above, as an electronic appliances which can use the
imaging device according to one embodiment of the present
invention or the semiconductor device including the imaging
device, mobile phones, game consoles including portable
game consoles, portable information terminals, e-book read-
ers, cameras such as video cameras and digital still cameras,
goggle-type displays (head mounted displays), navigation
systems, audio reproducing devices (e.g., car audio systems
and digital audio players), copiers, facsimiles, printers, mul-
tifunction printers, automated teller machines (ATM), vend-
ing machines, and the like can be given. FIGS. 65A to 65F
illustrate specific examples of these electronic appliances.

FIG. 65A illustrates a portable game console including a
housing 901, a housing 902, a display portion 903, a display
portion 904, a microphone 905, a speaker 906, an operation
key 907, a stylus 908, a camera 909, and the like. Although the
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portable game console in FIG. 65A has the two display por-
tions 903 and 904, the number of display portions included in
a portable game console is not limited to this. The imaging
device of one embodiment of the present invention can be
used in the camera 909.

FIG. 65B illustrates a portable information terminal, which
includes a first housing 911, a display portion 912, a camera
919, and the like. A touch panel function of the display por-
tion 912 enables input and output of information. The imag-
ing device of one embodiment of the present invention can be
used in the camera 919.

FIG. 65C illustrates a digital camera including a housing
921, a shutter button 922, a microphone 923, a light-emitting
portion 927, a lens 925, and the like. The imaging device of
one embodiment of the present invention can be used in a
portion corresponding to a focus of the lens 925.

FIG. 65D illustrates a wrist-watch-type information termi-
nal, which includes a housing 931, a display portion 932, a
wristband 933, a camera 939, and the like. The display portion
932 may be atouch panel. The imaging device of one embodi-
ment of the present invention can be used in the camera 939.

FIG. 65E illustrates a video camera including a first hous-
ing 941, a second housing 942, a display portion 943, opera-
tion keys 944, a lens 945, a joint 946, and the like. The
operation keys 944 and the lens 945 are provided for the first
housing 941, and the display portion 943 is provided for the
second housing 942. The first housing 941 and the second
housing 942 are connected to each other with the joint 946,
and the angle between the first housing 941 and the second
housing 942 can be changed with the joint 946. Images dis-
played on the display portion 943 may be switched in accor-
dance with the angle at the joint 946 between the first housing
941 and the second housing 942. The imaging device of one
embodiment of the present invention can be used in a portion
corresponding to a focus of the lens 945.

FIG. 65F illustrates a mobile phone which includes a dis-
play portion 952, a microphone 957, a speaker 954, a camera
959, an input/output terminal 956, an operation button 955,
and the like in a housing 951. The imaging device of one
embodiment of the present invention can be used in the cam-
era 959

This embodiment can be combined with any of the other
embodiments in this specification as appropriate.

Embodiment 13

In this embodiment, modification examples of the transis-
tor described in the above embodiment will be described with
reference to FIGS. 66A to 66F, FIGS. 67A to 67F, and FIGS.
68A to 68E. The transistors illustrated in FIGS. 66A to 66F
each includes, over a substrate 821, an oxide semiconductor
layer 828 over an insulating layer 824, an insulating layer 837
in contact with the oxide semiconductor layer 828, and a
conductive layer 840 in contact with the insulating layer 837
and overlapping the oxide semiconductor layer 828. The
insulating layer 837 functions as a gate insulating film. The
conductive layer 840 functions as a gate electrode layer.

In addition, the transistors are provided with an insulating
layer 846 in contact with the oxide semiconductor layer 828
and an insulating layer 847 in contact with the insulating layer
846. Moreover, conductive layers 856 and 857 in contact with
the oxide semiconductor layer 828 through the openings in
the insulating layer 846 and the insulating layer 847 are
provided. The conductive layers 856 and 857 function as a
source electrode layer and a drain electrode layer.

As the structures of the transistor described in this embodi-
ment and the conductive layer and the insulating layer in
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contact with the structures, the structures of the transistor
described in the above embodiment and the conductive layer
and the insulating layer in contact with the structures can be
used as appropriate.

In the transistor illustrated in FIG. 66A, the oxide semi-
conductor layer 828 includes a region 828a overlapping the
conductive layer 840 and regions 8285 and 828¢ containing
an impurity element. The regions 8285 and 828¢ are formed
so that the region 828« is sandwiched therebetween. The
conductive layers 856 and 857 are in contact with the regions
828b and 828¢ respectively. The region 828a functions as a
channel region. The regions 8285 and 828¢ have lower resis-
tivity than the region 8284 and can be referred to as low
resistance regions. The regions 8285 and 828¢ function as a
source region and a drain region.

Alternatively, as in the transistor illustrated in FIG. 66B,
the oxide semiconductor layer 828 may have a structure in
which an impurity element is not added to regions 8284 and
828e in contact with the conductive layers 856 and 857. In this
case, the regions 8285 and 828¢ containing an impurity ele-
ment are provided between the region 828a and the regions
828d and 828¢ in contact with the conductive layers 856 and
857. The regions 8284 and 828¢ have conductivity when the
voltage is applied to the conductive layers 856 and 857; thus,
the regions 8284 and 828¢ function as a source region and a
drain region.

Note that the transistor illustrated in FIG. 66B can be
formed in such a manner that after the conductive layers 856
and 857 are formed, an impurity element is added to the oxide
semiconductor layer using the conductive layer 840 and the
conductive layers 856 and 857 as masks.

An end portion of the conductive layer 840 may have a
tapered shape. The angle 01 formed between a surface where
the insulating layer 837 and the conductive layer 840 are in
contact with each other and a side surface of the conductive
layer 840 may be less than 90°, greater than or equal to 10°
and less than or equal to 85°, greater than or equal to 15° and
less than or equal to 85°, greater than or equal to 30° and less
than or equal to 85°, greater than or equal to 45° and less than
or equal to 85°, or greater than or equal to 60° and less than or
equal to 85°. When the angle 61 is less than 90°, greater than
or equal to 10° and less than or equal to 85°, greater than or
equalto 15° and less than or equal to 85°, greater than or equal
to 30° and less than or equal to 85°, greater than or equal to
45° and less than or equal to 85°, or greater than or equal to
60° and less than or equal to 85°, the coverage of the side
surfaces of the insulating layer 837 and the conductive layer
840 with the insulating layer 846 can be improved.

Next, modification examples of the regions 8285 and 828¢
are described. FIGS. 66C to 66F are each an enlarged view of
the vicinity of the oxide semiconductor layer 828 illustrated
in FIG. 66A. The channel length L. indicates a distance
between a pair of regions containing an impurity element.

As illustrated in FIG. 66C in a cross-sectional view in the
channel length direction, the boundaries between the region
828a and the regions 8285 and 828¢ are aligned or substan-
tially aligned with the end portion of the conductive layer 840
with the insulating layer 837 positioned therebetween. In
other words, the boundaries between the region 8284 and the
regions 8285 and 828¢ are aligned or substantially aligned
with the end portion of the conductive layer 840, when seen
from the above.

Alternatively, as illustrated in FIG. 66D in a cross-sectional
view in the channel length direction, the region 8284 has a
region that does not overlap the end portion of the conductive
layer 840. The region functions as an offset region. The length
of' the offset region in the channel length direction is referred
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to as L, Note that when a plurality of offset regions are
provided, L ;indicates the length of one offset region. L ;is
included in the channel length L. Note that L, +is smaller than
20%, smaller than 10%, smaller than 5%, or smaller than 2%
of the channel length L.

Alternatively, as illustrated in FIG. 66F in a cross-sectional
view in the channel length direction, the regions 8285 and
828¢ each have a region overlapping the conductive layer 840
with the insulating layer 837 positioned therebetween. The
regions function as an overlap region. The overlap region in
the channel length directionis referredtoas L. L, is smaller
than 20%, smaller than 10%, smaller than 5%, or smaller than
2% of the channel length L.

Alternatively, as illustrated in FIG. 66F in a cross-sectional
view in the channel length direction, a region 828f1is provided
between the region 828a and the region 8285, and a region
828g is provided between the region 8284 and the region
828c¢. The regions 828/ and 828¢g have lower concentration of
an impurity element and higher resistivity than the regions
8285 and 828¢. Although the regions 828/ and 828g overlap
the insulating layer 837 in this case, they may overlap the
insulating layer 837 and the conductive layer 840.

Note that in FIGS. 66C to 66F, the transistor illustrated in
FIG. 66A is described; however, the transistor illustrated in
FIG. 66B can employ any of the structures in FIGS. 66C to
66F as appropriate.

In the transistor illustrated in FIG. 67A, the end portion of
the insulating layer 837 is positioned on an outer side than the
end portion of the conductive layer 840. In other words, the
insulating layer 837 has a shape such that the end portion
extends beyond the end portion of the conductive layer 840.
The insulating layer 846 can be kept away from the region
828a; thus, nitrogen, hydrogen, and the like contained in the
insulating layer 846 can be prevented from entering the
region 828a functioning as a channel region.

Inthe transistor illustrated in FIG. 67B, the insulating layer
837 and the conductive layer 840 each have a tapered shape,
and the angles of the tapered shapes are different from each
other. In other words, the angle 61 formed between a surface
where the insulating layer 837 and the conductive layer 840
are in contact with each other and a side surface of the con-
ductive layer 837 is different from an angle 62 formed
between a surface where the oxide semiconductor layer 828
and the insulating layer 837 are in contact with each other and
the side surface of the conductive layer 840. The angle 62 may
be less than 90°, greater than or equal to 30° and less than or
equal to 85°, or greater than or equal to 45° and less than or
equal to 70°. For example, when the angle 02 is less than the
angle 01, the coverage with the insulating layer 846 is
improved. Alternatively, when the angle 62 is greater than the
angle 01, the insulating layer 846 can be kept away from the
region 828a; thus, nitrogen, hydrogen, or the like contained in
the insulating layer 846 can be prevented from entering the
region 828a functioning as a channel region.

Next, modification examples of the regions 8285 and 828¢
are described with reference to FIGS. 67C to 67F. Note that
FIGS. 67C to 67F are each an enlarged view of the vicinity of
the oxide semiconductor layer 828 illustrated in FIG. 67A.

As illustrated in FIG. 67C in a cross-sectional view in the
channel length direction, the boundaries between the region
828a and the regions 8285 and 828¢ are aligned or substan-
tially aligned with the end portion of the conductive layer 840
with the insulating layer 837 positioned therebetween. In
other words, when seen from the above, the boundaries
between the region 828a and the regions 8286 and 828¢ are
aligned or substantially aligned with the end portion of the
conductive layer 840.
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As illustrated in FIG. 67D in a cross-sectional view in the
channel length direction, the region 828a has a region that
does not overlap the conductive layer 840. The region func-
tions as an offset region. In other words, when seen from the
above, the end portions of the regions 8285 and 828¢ are
aligned or substantially aligned with the end portion of the
insulating layer 837 and do not overlap the end portion of the
conductive layer 840.

As illustrated in FIG. 67E in a cross-sectional view in the
channel length direction, the regions 8285 and 828¢ each have
a region overlapping the conductive layer 840 with the insu-
lating layer 837 positioned therebetween. Such a region is
referred to as an overlap region. In other words, when seen
from the above, the end portions of the regions 8285 and 828¢
overlap the conductive layer 840.

As illustrated in FIG. 67F in a cross-sectional view in the
channel length direction, the region 8287is provided between
the region 8284 and the region 82854, and the region 828g is
provided between the region 828a and the region 828c¢. The
regions 828/ and 828g have lower concentration of an impu-
rity element and higher resistivity than the regions 8285 and
828c¢. Although the regions 828/ and 828¢g overlap the insu-
lating layer 837 in this case, they may overlap the insulating
layer 837 and the conductive layer 840.

Note that in FIGS. 67C to 67F, the transistor illustrated in
FIG. 67A is described; however, the transistor illustrated in
FIG. 67B can employ any of the structures in FIGS. 67C to
67F as appropriate.

In the transistor illustrated in FIG. 68A, the conductive
layer 840 has a stacked structure including a conductive layer
840aq in contact with the insulating layer 837 and a conductive
layer 8405 in contact with the conductive layer 840a. The end
portion of the conductive layer 840a is positioned on an outer
side than the end portion of the conductive layer 8405. In
other words, the conductive layer 840q has such a shape that
the end portion extends beyond the end portion of the con-
ductive layer 84064.

Next, modification examples of the regions 8285 and 828¢
are described. Note that FIGS. 68B to 68E are each an
enlarged view in the vicinity ofthe oxide semiconductor layer
828 illustrated in FIG. 68A.

As illustrated in FIG. 68B in a cross-sectional view in the
channel length direction, the boundaries between the region
828a and the regions 8285 and 828¢ are aligned or substan-
tially aligned with the end portion of the conductive layer
840aq in the conductive layer 840 with the insulating layer 837
positioned therebetween. In other words, when seen from the
above, the boundaries between the region 8284 and the
regions 8285 and 828¢ are aligned or substantially aligned
with the end portion of the conductive layer 840.

As illustrated in FIG. 68C in a cross-sectional view in the
channel length direction, the region 828a has a region that
does not overlap the conductive layer 840. The region func-
tions as an offset region. In other words, when seen from the
above, the end portions of the regions 8285 and 828¢ are
aligned or substantially aligned with the end portion of the
insulating layer 837 and do not overlap the end portion of the
conductive layer 840.

As illustrated in FIG. 68D in a cross-sectional view in the
channel length direction, the regions 8285 and 828¢ each have
a region overlapping the conductive layer 840, specifically
the conductive layer 840a. Such a region is referred to as an
overlap region. In other words, when seen from the above, the
end portions of the regions 8285 and 828¢ overlap the con-
ductive layer 840a.

As illustrated in FIG. 68E in a cross-sectional view in the
channel length direction, the region 8287is provided between
the region 8284 and the region 82854, and the region 828g is
provided between the region 828a and the region 828c¢. The
impurity element is added to the regions 828/ and 828g
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through the conductive layer 840a; thus, the regions 828/ and
8282 have lower concentration of impurity element and
higher resistivity than the regions 8285 and 828¢. Although
the regions 828f'and 828g overlap the conductive layer 840a,
they may overlap both the conductive layer 840a and the
conductive layer 8405.

The end portion of the insulating layer 837 may be posi-
tioned on the outer side than the end portion of the conductive
layer 840aq.

Alternatively, the side surface of the insulating layer 837
may be curved.

Alternatively, the insulating layer 837 may have a tapered
shape. In other words, an angle formed between a surface
where the oxide semiconductor layer 828 and the insulating
layer 837 are in contact with each other and a side surface of
the insulating film layer may be less than 90°, preferably
greater than or equal to 30° and less than 90°.

As described with FIGS. 68A to 68E, the oxide semicon-
ductor layer 828 includes the region 828/, and the region 828¢g
having lower concentration of an impurity element and higher
resistivity than the regions 8285 and 828¢, whereby the elec-
tric field of the drain region can be relaxed. Thus, a deterio-
ration of the transistor due to the electric field of the drain
region, such as a shift of the threshold voltage of the transis-
tor, can be inhibited.

This embodiment can be combined as appropriate with any
of the other embodiments in this specification.

Embodiment 14

In this embodiment, an example of an image processing
engine of an imaging device (image sensor) is described with
reference to FIG. 69.

The imaging device includes an imaging unit 4000, an
analog memory unit 4010, an image processing engine unit
4020, and an A/D converter 4030. The imaging unit 4000
includes a plurality of pixels arranged in a matrix, a driver
circuit 4001, and a reading circuit 4002. Each pixel includes
a photodiode and a transistor. The analog memory unit 4010
includes a plurality of analog memories. Here, each analog
memory includes memory cells the number of which is
greater than the number of pixels in the imaging unit 4000.
That is, each analog memory can store first imaging data 4005
of one frame obtained by the imaging unit 4000.

The operation of the imaging device is described below. As
a first step, the first imaging data 4005 is obtained in each
pixel. Imaging may be conducted by what is called a rolling
shutter system, in which pixels are sequentially exposed to
light and first imaging data 4005 is sequentially read out, or
by what is called a global shutter system, in which all the
pixels are exposed to light at a time and the imaging data 4005
is sequentially read out.

In the case of the rolling shutter system, during a period in
which the imaging data 4005 of pixels in a certain row is read
out, light exposure can be performed on pixels in another row;
as a result, the frame frequency of imaging can be easily
increased. In the case of the global shutter system, even when
an object is moving, an image with little distortion can be
obtained.

As a second step, the first imaging data 4005 obtained in
each pixel is stored in a first analog memory through the
reading circuit 4002. Here, unlike in a general imaging
device, it is effective that the first imaging data 4005 that is
analog data is stored in the first analog memory as it is. In
other words, analog-to-digital conversion processing is
unnecessary, and thus the frame frequency of imaging can be
easily increased.

Subsequently, the first step and the second step are repeated
n times. Note that in the n-th repetition, n-th imaging data
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4005 obtained in each pixel is stored in an n-th analog
memory through the reading circuit 4002.

As a third step, with use of the first to n-th imaging data
4005 stored in the plurality of analog memories, desired
image processing is performed in the image processing
engine unit 4020 to obtain image-processed imaging data
4025.

As afourth step, the image-processed imaging data 4025 is
subjected to analog-to-digital conversion in the A/D converter
4030 to obtain image data 4035.

As a way of the image processing, image-processed imag-
ing data 4025 having no focus blur is obtained from a plurality
of pieces of imaging data 4005. The sharpness of all the
imaging data 4005 is calculated, and most clear imaging data
4005 can be obtained as the image-processed imaging data
4025. Alternatively, a region with high sharpness is extracted
from each piece of imaging data 4005 and the obtained
regions are connected to each other, whereby the image-
processed imaging data 4025 can be obtained.

Furthermore, as another way of the image processing,
image-processed data 4025 having optimal brightness is
obtained from the plurality of pieces of imaging data 4005.
The image-processed imaging data 4025 can be obtained as
follows: the highest brightness of each piece of imaging data
4005 is calculated, and the image-processed imaging data
4025 can be obtained from the imaging data 4005 except
imaging data 4005 whose highest brightness has reached a
saturation value.

In addition, the lowest brightness of each piece of imaging
data 4005 is calculated, and the image-processed imaging
data 4025 can be obtained from the imaging data 4005 except
imaging data 4005 whose lowest brightness has reached a
saturation value.

Note that in the case where the first and second steps are
executed in time with lighting of a flash light for imaging,
imaging data 4005 corresponding to the timing at which
irradiation with an optimal amount of light is conducted can
be obtained.

This embodiment can be combined with any of the other
embodiments in this specification as appropriate.

EXPLANATION OF REFERENCE

30: atomic number; 31: atomic number; 40: silicon sub-
strate; 51: transistor; 52: transistor; 53: transistor; 54: transis-
tor; 55: transistor; 56: transistor; 58a: transistor; 585: transis-
tor; 58¢: transistor; 60: photodiode; 60a: photodiode; 605:
photodiode; 60c: photodiode; 61: anode; 62: cathode; 63:
low-resistance region; 70: contact plug; 71: wiring layer; 72:
wiring layer; 73: wiring layer; 80: insulating layer; 91: cir-
cuit; 91a: circuit; 915: circuit; 91c: circuit; 92: circuit; 101:
transistor; 102: transistor; 103: transistor; 104: transistor;
105: transistor; 106: transistor; 107: transistor; 108: transis-
tor; 109: transistor; 110: transistor; 111: transistor; 112: tran-
sistor; 115: substrate; 120: insulating layer; 130: oxide semi-
conductor layer; 130a: oxide semiconductor layer; 130A:
oxide semiconductor film; 1305: oxide semiconductor layer;
130B: oxide semiconductor film; 130c¢: oxide semiconductor
layer; 130C: oxide semiconductor film; 140: conductive
layer; 141: conductive layer; 142: conductive layer; 150:
conductive layer; 151: conductive layer; 152: conductive
layer; 156: resist mask; 160: insulating layer; 160A: insulat-
ing film; 170: conductive layer; 171: conductive layer; 171A:
conductive film; 172: conductive layer; 172A: conductive
film; 173: conductive layer; 175: insulating layer; 180: insu-
lating layer; 190: insulating layer; 231: region; 232: region;
233: region; 301: transistor; 311: wiring; 312: wiring; 313:
wiring; 314: wiring; 315: wiring; 316: wiring; 317: wiring;

5

10

15

20

25

30

35

40

45

50

55

60

65

70

331: region; 332: region; 333: region; 334: region; 335:
region; 400: substrate; 401: insulating layer; 402: insulating
layer; 402a: insulating layer; 40256: insulating layer; 404:
conductive layer; 404a: conductive layer; 4045: conductive
layer; 406: semiconductor layer; 406a: semiconductor layer;
4065: semiconductor layer; 407a: region; 407al: region;
407a2: region; 4075b: region; 407b1: region; 40752: region;
408: insulating layer; 408a: insulating layer; 412: insulating
layer; 414: conductive layer; 414a: conductive layer; 4145:
conductive layer; 416a: conductive layer; 416a1: conductive
layer; 416a2: conductive layer; 4165: conductive layer;
41651: conductive layer; 41652: conductive layer; 418: insu-
lating layer; 428: insulating layer; 501: signal; 502: signal;
503: signal; 504: signal; 505: signal; 506: signal; 507: signal;
508: signal; 509: signal; 510: period; 511: period; 520:
period; 531: period; 610: period; 611: period; 612: period;
621: period; 622: period; 623: period; 631: period; 701: sig-
nal; 702: signal; 703: signal; 704: signal; 705: signal; 821:
substrate; 824: insulating layer; 828: oxide semiconductor
layer; 828a: region; 8285: region; 828¢: region; 8284: region;
828e: region; 828f: region; 828g: region; 828%: region; 828i:
region; 837: insulating layer; 840: conductive layer; 840a:
conductive layer; 8405: conductive layer; 846: insulating
layer; 847: insulating layer; 856: conductive layer; 857: con-
ductive layer; 901: housing; 902: housing; 903: display por-
tion; 904: display portion; 905: microphone; 906: speaker;
907: operation key; 908: stylus; 909: camera; 911: housing;
912: display portion; 919: camera; 921: housing; 922: shutter
button; 923: microphone; 925: lens; 927: light-emitting por-
tion; 931: housing; 932: display portion; 933: wristband; 939:
camera; 941: housing; 942: housing; 943: display portion;
944: operation key; 945: lens; 946: joint; 951: housing; 952:
display portion; 954: speaker; 955: button; 956: input/output
terminal; 957: microphone; 959: camera; 1100: layer; 1200:
layer; 1300: layer; 1400: layer; 1500: insulating layer; 1510:
light-blocking layer; 1520: organic resin layer; 1530a: color
filter; 15305: color filter; 1530c¢: color filter; 1540: microlens
array; 1550: optical conversion layer; 1600: supporting sub-
strate; 1700: pixel matrix; 1730: circuit; 1740: circuit; 1750:
circuit; 1800: shift register; 1810: shift register; 1900: buffer
circuit; 1910: buffer circuit; 2100: analog switch; 2110: ver-
tical output line; 2200: image output line; 4000: imaging unit;
4002: circuit; 4005: first imaging data; 4010: analog memory
unit; 4020: image processing engine unit; 4025: image-pro-
cessed imaging data; 4030: A/D converter; 4035: image data;
5100: pellet; 5100a: pellet; 51005: pellet; 5101: ion; 5120:
substrate; 5130: target; 5161: region.

This application is based on Japanese Patent Application
serial no. 2014-050267 filed with Japan Patent Office on Mar.
13, 2014, the entire contents of which are hereby incorporated
by reference.

The invention claimed is:

1. An imaging device comprising:

a first circuit including a first transistor and a second tran-
sistor; and

a second circuit including a third transistor and a photo-
diode,

wherein the first transistor and the third transistor are each
an n-channel transistor comprising an oxide semicon-
ductor layer as an active layer,

wherein the second transistor is a p-channel transistor com-
prising an active region in a silicon substrate,

wherein one of a source and a drain of the first transistor is
electrically connected to one of a source and a drain of
the second transistor,

wherein a gate of the first transistor is electrically con-
nected to a gate of the second transistor,

wherein the photodiode is positioned in the silicon sub-
strate,
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wherein the first transistor and the second transistor over-
lap each other with an insulating layer therebetween,

wherein the third transistor and the photodiode overlap
each other with the insulating layer therebetween,

wherein the second transistor is positioned on a first surface
of the silicon substrate, and

wherein the photodiode has a light-receiving surface that is

opposite to the first surface of the silicon substrate.

2. The imaging device according to claim 1, wherein the
oxide semiconductor layer comprises In and Zn.

3. The imaging device according to claim 2, wherein the
oxide semiconductor layer further comprises one selected
from the group consisting of Al, T, Ga, Y, Zr, La, Ce, Nd and
Hf.

4. The imaging device according to claim 1, wherein the
first circuit is a CMOS circuit.

5. The imaging device according to claim 1, wherein a
plane orientation of a crystal in the first surface of the silicon
substrate is (110).

6. An electronic appliance comprising:

the imaging device according to claim 1; and

a display device.

7. The imaging device according to claim 1, wherein the
photodiode comprises an anode on an opposite surface to the
first surface of the silicon substrate.

8. An imaging device comprising:

a first circuit including a first transistor and a second tran-

sistor; and

a second circuit including a third transistor, a fourth tran-

sistor, a fifth transistor, a sixth transistor and a photo-
diode,

wherein the first transistor, the third transistor and the

fourth transistor are each an n-channel transistor com-
prising an oxide semiconductor layer as an active layer,
wherein the second transistor is a p-channel transistor,
wherein an active region of the second transistor is posi-
tioned in a silicon substrate,
wherein one of a source and a drain of the first transistor is
electrically connected to one of a source and a drain of
the second transistor,

wherein a gate of the first transistor is electrically con-

nected to a gate of the second transistor,

wherein one of a source and a drain of the third transistor is

electrically connected to the photodiode,
wherein the other of the source and the drain of the third
transistor is electrically connected to one of a source and
a drain of the fourth transistor,

wherein the other of the source and the drain of the third
transistor is electrically connected to a gate of the fifth
transistor,

wherein one of a source and a drain of the fifth transistor is

electrically connected to one of a source and a drain of
the sixth transistor,

wherein the photodiode is positioned in the silicon sub-

strate,
wherein the first transistor and the second transistor over-
lap each other with an insulating layer therebetween,

wherein the photodiode and each of the third to sixth tran-
sistors overlap each other with the insulating layer ther-
ebetween,

wherein the second transistor is positioned on a first surface

of the silicon substrate, and

wherein the photodiode has a light-receiving surface that is

opposite to the first surface of the silicon substrate.

10

15

20

25

30

35

40

45

50

55

60

72

9. The imaging device according to claim 8, wherein the
oxide semiconductor layer comprises In and Zn.

10. The imaging device according to claim 9, wherein the
oxide semiconductor layer further comprises one selected
from the group consisting of Al, Ti, Ga, Y, Zr, La, Ce, Nd and
Hf.

11. The imaging device according to claim 8, wherein a
plane orientation of a crystal in the first surface of the silicon
substrate is (110).

12. The imaging device according to claim 8, wherein the
fifth transistor and the sixth transistor are each an n-channel
transistor comprising an oxide semiconductor layer.

13. The imaging device according to claim 8, wherein the
photodiode comprises an anode on an opposite surface to the
first surface of the silicon substrate.

14. An electronic appliance comprising:

the imaging device according to claim 8; and

a display device.

15. An imaging device comprising:

a first circuit including a first transistor and a second tran-

sistor; and

a second circuit including a third transistor and a photo-

diode,

wherein the first transistor and the third transistor are each

an n-channel transistor comprising an oxide semicon-
ductor layer,

wherein the second transistor is a p-channel transistor com-

prising an active region in a silicon substrate,

wherein one of a source and a drain of the first transistor is

electrically connected to one of a source and a drain of
the second transistor,

wherein a gate of the first transistor is electrically con-

nected to a gate of the second transistor,

wherein the photodiode is positioned in the silicon sub-

strate,

wherein the third transistor and the photodiode overlap

each other with an insulating layer therebetween,
wherein the second transistor is positioned on a first surface
of the silicon substrate, and

wherein the photodiode has a light-receiving surface that is

opposite to the first surface of the silicon substrate.

16. The imaging device according to claim 15, wherein the
oxide semiconductor layer comprises In and Zn.

17. The imaging device according to claim 16, wherein the
oxide semiconductor layer further comprises one selected
from the group consisting of Al, Ti, Ga, Y, Zr, La, Ce, Nd and
Hf.

18. The imaging device according to claim 15, wherein a
plane orientation of a crystal in the first surface of the silicon
substrate is (110).

19. The imaging device according to claim 15, wherein the
photodiode comprises an anode on an opposite surface to the
first surface of the silicon substrate.

20. An electronic appliance comprising:

the imaging device according to claim 15; and

a display device.

21. The imaging device according to claim 15,

wherein the second transistor is positioned over the sub-

strate,

wherein the insulating layer is positioned over the second

transistor, and

wherein the first transistor is positioned over the insulating

layer.



